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FOREWORD 

This  report  describes  an  Investigation  by  the  Space  Division  of  The  Boeing 
Company  on  "Compatibility  of  Tankage  Materials  with  Liquid  Propellants"  under 
Air  Force  Contract  F33(615)-67-C-1698,  This  contract  was  initiated  under 
Project  7381  ("Materials  Application"  Task  738107  "Prevention  and  Control  of 
Corrosion.")  The  work  was  performed  under  the  direction  of  Air  Force  Materials 
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authors  in  March  1969  for  publication  as  a  technical  report. 
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Tiffany,  Project  Supervisor;  P.  M.  Lorenz,  Technical  Leader;  and  Dr.  L.  R.  Hall, 
Research  Specialist.  Structural  testing  of  specimens  was  conducted  by  A.  A. 
Ottlyk  and  Glenn  Vermillion.  Design  and  functional  checkout  of  aggressive  pro¬ 
pellant  test  systems  were  done  by  A.  J.  Kacoroski  and  H.  M.  Olden.  Metallurgical 
support  was  provided  by  Don  Lovell  and  J.  Trzil.  Don  Good  prepared  the  technical 
illustrations  and  artwork.  The  information  contained  in  this  report  is  also 
available  in  Boeing  Document  D2-121040-1 

This  Technical  Report  has  been  reviewed  and  is  approved. 
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ABSTRACT 


Frarture  toughness  and  flaw  growth  oharaeterlatioa  of  several  materials 
vara  evaluited  in  t’a  environment  of  aggressive  propellants.  The  combinations 
evaluated  vt  re  2219-TSpl  alurlnum/S^^  2219-T351  aluminua/F2>  2219-T851  alu- 
minuVCIFj,  6A1-4V(HJ)  titanium/?^  6A1-4V(BLI)  titanium/C  I ?5,  410(MDD) 
stainless  sterl/H^O^,  and  2021 -T81'  aluminum/N^O^ .  Results  indicate  that 
described  experimental  technique  is  useful  In  screening  engineering  materials 
and  establishment  of  service  life  requirements  for  pressurized  components. 
6AI-4V(EL1)  titanium  was  found  to  be  incompatible  with  the  CiF_.  Further- 
more,  it  was  established  that  2021 -T81  .  aluminum  is  most  likely  to  create 
functional  problems  if  used  to  make  pressurized  N90.  storage  vessels. 
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Plane  strain  stress  intensity  factor  at  initial  conditions 

Plane  strain  fracture  toughness  of  material 

Crack  depth  of  the  semielliptical  surface  flaw;  half  crack 
length  for  through- the - thi ck  ne  s  s  center-cracked  specimen; 
crack  depth  of  a  double-centiliver-beam  (DCB)  specimen 

Number  of  cycles 

Plane  stress  stress  intensity  factor 

Value  of  (Kw|ny  -  K^n)  during  a  typical  loading  cycle 

Plane  stress  fracture  toughness  of  the  material 

Load  ratio 


2c 


a 

4> 


a 


v 

E 

t 

*kf 

* 

*fr 

*4 


Crack  length  of  a  semielliptical  surface  flaw 
Defined  as  x  =  a  cos  0  and  y  =  a  sin  0 
Polar  angle  measured  from  minor  axis 

Complete  elliptical  integral  of  second  kind  having  modulus 
k  defined  as  x 


Uniform  stress  applied  at  infinity  and  perpendicular  to  the 
plane  of  crack 

Uniaxial  tensile  yield  strength 

<t>2  -  0.212  (  o/o)2 

y  s 

Poisson's  ratio  of  the  material 
Young's  modulus 
Thickness  of  plate 

Elastic  stress  magnification  due  to  deep  flaw 
Stress  magnification  due  to  plastic  yielding 

\t 1  % 

Peripheral  stress  intensity  correction  factor  for  semicircular 
surface  flaw 

Peripheral  stress  intensity  correction  factor  for  semielliptical 
surface  flaw  -  Smith's  analv«*» 
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NOMENCLATURE 


D«ep  flaw  stress  Intensity  magnification  -  Smith's  analysis 
Force  in  pounds 
Thickness  of  DCB  specimen 

Net  thickness  of  DCB  specimen  as  measured  at  the  root  of  the 
side  groove 

One  half  of  the  DCB  specimen  depth 


1.0  INTRODUCTION 


This  program  is  designed  to  establish  an  experimental  procedure  for 
evaluation  of  engineering  materials  exposed  to  the  environment  of  agressive 
propellants .  The  experimental  approach  is  based  on  the  principles  of  linear 
elastic  fracture  mechanics  and  consists  of  two  phases.  Phase  I  is  devoted 
to  screening  tests  to  identify  the  most  severe  combinations  of  test  variables, 
which  include  pressure-temperature  combinations,  location  of  the  surface 
flaws,  (weld,  base  metal,  or  heat  affected  zone),  and  liquid  or  vapor  state 
of  the  propellant.  Phase  II  effort  is  to  utilize  this  information  in  sched¬ 
uling  fracture  toughness  testing  under  static,  cyclic,  and  sustained  loading 
conditions.  Results  of  the  investigation  and  description  of  the  experimental 
procedure,  together  with  the  underlying  philosophies  in  selecting  certain 
approaches,  are  presented  in  the  form  useful  in  design  of  propellant-containing 
pressure  vessels . 

\ 

Material-propellant  combinations  selected  for  the  present  program  Include: 
2219-T851  aluminum  in  combination  with  ^0^,  F2>  and  CIF,.;  6Al-4V(ELI) 
titanium  in  combination  with  F2  and  C I F^ ;  410 (MOD)  stainless  steel  in  combina¬ 
tion  with  N^O^,  and  2021-T81  aluminum  also  in  combination  with  ^0^.  An 
overall  description  of  the  analytical  background  and  the  general  experimental 
approach  are  given  in  sections  preceding  presentation  of  test  results. 
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2.0  BACKGROUND 


Quantitative  characterization  of  atresa  corrosion  cracking  can  be 
developed  by  testing  preflawed  specimens  of  the  type  suitable  for  application 
of  basic  principles  of  applied  fracture  mechanics.  Considerable  experimental 
data  has  been  generated  by  many  investigators  supporting  usefulness  of  such 
approach.  It  is  the  purpose  of  this  seotion  to  review  some  of  the  pertinent 
background  information  utilised  in  the  present  program  and  to  provide  a 
short  summary  of  basic  relationships  between  specimen  dimensions,  type  of 
loading,  craok  shapes  and  sizes,  as  well  as  applied  stress  levels.  Together 
with  the  summary  of  stress  intensity  aolutions  the  section  also  contains  a 
short  description  of  sustained  and  cyclio  crack  growth  at  aubcritiaal  stress 
intensity  levels  and  how  such  growth  can  be  characterized  using  existing 
analytical  solutions  of  linear  elastic  fracture  mechanics. 

2.1  Stress  Intensity  Solutions 

Most  of  the  experimental  data  presented  in  this  report  has  been  generated 
using  surface-flawed-bend  (SFB)  specimens  for  the  Phase  I  screening  tests 
and  surface-flawed-tensile  (SFT)  specimens  for  the  Phase  II  flaw  growth  tests. 
Toward  the  end  of  the  Phase  I  testing  it  became  apparent  that  the  surface- 
flawed-  tend  specimens  were  inadequate  for  generation  of  high  Initial  stress 
intensities  and  oould  not  serve  as  an  effective  screening  tool  for  qualifi¬ 
cation  of  various  material-propellant  combinations.  Double-cantilever-beam 
(DCB)  specimens  were  added  to  the  program  to  supplement  whenever  possible  the 
screening  test  data  obtained  using  surface-fiawsd-bend  specimens.  Applicable 
formulas  for  the  three  types  of  specimens  used  are  summarized  in  the  following 
paragraphs. 

2*1.1  Surface-Flawed  Specimens 

Irvin  (Ref  1)  first  obtained  a  solution  for  a  semielliptical  surface 
flaw  in  a  plate  and  estimated  that  the  solution  may  be  valid  for  flaws  with 
depth  up  to  about  half  the  material  thickness.  As  part  of  the  Boeing 
Independent  Research  and  Development  program  (IR6D),  Kobayashi  (Ref  2) 
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arrived  at  an  approximate  stress  intensity  solution  for  deep  flaw'-  having 
snail  depth-to-length  ratios,  that  is  a/ 2c  values.  Sbith  (Ref  3)  derived  a 
solution  for  the  semicircular  flaw  in  a  semi-infinite  body.  This  solution 
provided  further  refinement  of  the  free  surface  correction  Irwin  used  in 
his  equation.  As  part  of  Boeing  IRfcD,  Sknlth  (Ref  4)  estimated  free  surface 
corrections  for  semielliptical  surface  flaws  in  a  semi-infinite  body.  He 
also  obtained  an  approximation  of  the  stress  intensity  for  the  semicircular 
surface  flaws,  which  become  very  deep  with  respect  to  thickness  (Ref  4). 
Using  the  single-edge-notch  solution,  (that  is,  a/2o  =  0)  of  Gross,  et  al. 
(Ref  5),  and  his  own  solution  for  deep  semicircular  flaw,  3nith  roughly 
estimated  stress  Intensity  factors  for  deep  surfaoe  flaws  of  lntemediate 
shape,  that  is,  a  2/c  ratios  between  0  and  0.5  (Ref  4). 

Trvrin  Analysis — The  Irwin  relationship  for  the  semielliptical  surface  flaw 
in  a  finite  thickness  plate  is  as  follows: 

Kj  *  1.1  J*  O  (a/Q)1/2  £  \  (a2  cos2  0  +  c2  sin2  0)J  1/4  (1) 

The  maximum  value  of  Kj,  which  oocurs  at  the  end  of  the  semiminor  axis  of 
the  ellipse,  is: 

Kj  =  1.1  J*  O  (a/Q)l/Z  (2) 

A  plot  of  Q  versus  a/2c  is  shown  in  Figure  1. 

The  1.1  coefficient  was  an  estimate  to  account  for  free  surface  effect* 
The  equations  were  believed  to  be  valid  for  flaw  depths  up  to  about  half 
the  plate  thickness. 

Kobayaahi  l — For  surface  flews  that  have  a  small  depth-to-length 

ratio,  that  la,  a/2c,  but  are  deep  with  respect  to  the  plate  thickness, 
Kobayaahi  aerated  the  following  fora  for  the  stress  intensity: 

g  jflgj 

yir 


*i  *  1-1  \ 


(3) 


where > 


Following  Irvin,  the  multiplying  constant  1.1  is  taken  to  account  for  the 
effect  of  free  surface  on  the  stress  intensity  factor. 

is  elastic  stress  magnification  due  to  deep  flaw  in  an  infinite 
strip  under  the  conditions  of  plane-strain.  is  the  stress  magnification 
due  to  plastic  yielding  in  an  infinite  plate  under  the  conditions  of  plane- 
strain. 


A  plot  of  (that  is,  x  Mj^)  versus  a/t  is  given  in  Figure  2  for 
~  0*4  and  0.8  for  v  =  1/3.  Kohayashi  solution  is  considered  valid 
for  small  rj 2c  values  and  flaw  depths  up  to  about  70%  of  the  plate  thickness. 
Experimental  evidence  accumulated  to  date  suggests  that  for  seme  engineering 
materials  the  applicability  of  the  solution  can  be  extended  to  a/t  —  0.95. 

aiith  Analysis — Smith's  linear  elastic  analysis  of  a  semicircular  surface 
flaw  in  a  semi-infinite  body  resulted  in  the  following  stress-intensity 
relationship: 


*!  =  “! 


23  n 

fir 


U) 


This  result  corresponds  to  that  shown  in  Equations  1  and  2,  except  that 
the  1.1  free  surface  oorreotlon  assumed  by  Irwin  is  replaced  by  the 
coefficient,  which  is  dependent  upon  location  on  the  flaw  periphery  (Figure  3), 
and  plasticity  correction  is  not  Incorporated.  Frcm  the  illustration  it  can 
be  seer,  that  varies  from  about  1.03  *t  the  point  of  maxiaix:  flaw  depth  to 
1.21  at  the  free  surface.  Unlike  the  Irwin  equation,  the  point  of  maximum 
stress  intensity  is  predicted  at  the  surface  rather  than  at  maximum  flaw 
depth.  However,  for  most  materials  the  resistance  to  fracture  is  higher  at 
the  surface  (J.e.,  higher  than  the  plane-strain  fracture  toughness  value) 
so  it  Is  probable  that  fracture  will  initiate  at  a  point  below  the  surface 
-7  ere  the  applied  atrees  Intensity  bee  ernes  tangent  to  the  fracture  toughness 
value.  This  is  illustrated  schematically  in  Figure  4. 
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SCHEMATIC  REPRESENTATION  OF  POSSIBLE  FRACTURE  INITIATION 
AT  A  SEMI-CIRCULAR  SURFACE  FLAW 


For  sataielliptical  flaws  In  semi-infinite  bodies,  aaith  estimated  the 
free  surface  coefficient,  Tnis  result  is  shewn  in  Figure  5.  The  stress 
intensity  relation  thus  bee  ernes j 


=  tt’v'F  o  (a/Q) 


1/2 


(5) 


where: 


(a/c)2 


2 

cos 


hi*  -)*'•] 


As  seen  in  Figure  5,  the  point  of  maximum  stress  intensity  occurs  at 
the  point  of  maximum  flaw  depth  for  all  flaws  with  &/2c  ratios  less  than 
about  0.35  to  0.40.  This  is  consistent  with  Irwin's  analysis;  however,  the 
magnitude  of  the  free  surface  corrections  is  slightly  less  than  the  1.1  he 
estimated.  Sknith  obtained  the  stress  intensity  factors  for  semicircular 
flaws  in  a  finite-thickness  plate  and  estimated  the  stress  intensity  factors 
for  semielliptical  surface  flaws  in  a  plate  as  a  function  of  a/2e  and  a/t 
ratios.  The  resulting  relationship  is: 

Ki  =  M|M'/7F  0(a/Q)l/2  (6) 

Mjl  la  the  finite  thickness  (or  deep  flaw  stress  intensity  magnification) 
correction.  The  versus  a/t  curve  for  the  semicircular  flaw  and  the 
estimated  curves  for  semieiliptical  flaws  with  a/2c  ratios  of  0.20,  0.25, 
and  0.30  are  shown  in  Figure  6.  Smith's  solution  is  considered  accurate 
for  semicircular  flaws  but  becomes  less  and  less  reliable  a/2c  decreases. 

2.1.2  Uniform  Double-Cantilever-Beam  Specimen 


An  approximate  expression  for  the  uniform  height  DCB  speoimen  is  given 
in  Ref  6  as 

lV2 


v  _  2P 
KI  “  b 


3(a  1-  0.6  h)2  + 
.  (1  -H2)  h3 


(7) 


where  specimen  configuration  and  symbols  are  defined  in  Figure  7. 
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Figure  5:  STRESS  INTENSITY  FACTOR  FOR  A  SEMI-ELLIPTICAL  SURFACE  FLAW 


ELASTIC  STRESS  INTENSITY  MAGNIFICATION  FACTORS  FOR 
DEEP  SURFACE  FLAWS 


Equation  7  has  been  substantiated  at  the  University  of  Washington  by  a 
numerical  solution  based  on  the  direct  stiffness  method.  Stress  intensities 
calculated  fran  Equation  7  are  compared  in  Figure  8  with  those  resulting 
from  the  numerical  analysis.  The  two  methods  give  essentially  the  same 
result  except  for  crack  length  of  less  than  1.0  inch  (for  a  6.0-inch  specimen). 
Compliance  measurements  (Ref  6)  have  shown  that  the  remaining  unbroken 
ligament  in  a  DCB  specimen  must  be  large  enough  or  the  linear  compliance  of 
the  specimen  is  disturbed  by  a  plastic  flow  "hinging  action”  in  the  ligament. 
In  a  5.5-inch  specimen,  Mostovoy  measured  linear  compliance  with  crack 
lengths  from  1  to  3  inches. 

If  the  crack  surfaces  of  a  DCB  specimen  are  given  a  fixed  relative 
normal  displacement  in  the  plane  of  the  pinholes,  the  applied  stress  intensity 
decreases  as  the  crack  length  increases;  therefore,  a  crack  can  be  arrested 
without  complete  fracture  of  the  specimen,  and  crack  arrest  values  of  KTH 
can  be  determined. 


In  the  DCB  specimen,  cracks  do  not  always  grow  in  the  original  crack  plane 
but  may  turn  from  that  plane  nd  break  off  one  arm  of  the  test  specimen. 

This  problem  can  be  alleviated  by  side  grooving  the  specimen  as  shown  in 
Figure  7.  When  side  grooved,  the  expression  for  stress  intensity  for  the 
DCB  specimen  becomes 

K  .  2P  ,_bj"  I  3(a  t  0.6  h)2  +  h2 
1  ”  b  bi  l  (1  -M2)  h3 

Values  of  m  must  be  between  0.5  and  1.0. 


For  7075-T651  aluminum,  Mostovoy  (Ref  6)  found  that  a  value  of  m  =  1/2 
correlated  critical  valxies  measured  from  face-grooved  DCB  specimens  with 
comparable  values  reported  in  the  literature  (Ref  7).  Freed  and  Krafft 
(Ref  8)  found  that  when  fracture  toughness  in  the  flank  direction  relative 
to  the  forward  cracking  direction  is  high,  m  approaches  1/2;  when  it  is  low, 
m  increases  toward  unity.  The  value  of  m  can  be  determined  experimentally; 
however,  with  shallow  side  grooves,  the  error  in  using  an  incorrect  value  of 
m  will  be  small;  for  example,  with  10£  groove,  would  be  93%  of  the 
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figure  8:  COMPLIANCE  RELATIONSHIP  FOR  DCB  SPECIMENS 


"oorrect"  value  If  a  =  1/2  were  used  In  Equation  8,  when  the  correct  value 
of  a  was  aotually  0.8. 


Side  grooving  not  only  constraints  crack  propagation  to  a  single  plane, 
but  it  also  suppresses  side  boundary  plastic  zone  foraation,  thereby  more 
closely  simulating  plane-strain  deformation  conditions  at  the  crack  front. 


The  effect  of  aide  grooving  has  not  been  systematically  studied.  Test 
results  reported  by  Mostovoy,  et  al. (Ref  6)  using  7075-T651  aluaimm  show 
that  over  a  wide  range  of  thicknesses  (0.25  inch  to  1.0  inoh)  and  groove 
depths  (0.30  <  bQ/b  <  0.90),  the  critical  stress  intensities  calculated 
using  side  groove d-DCB  specimens,  and  Equation  8  with  m  =  1/2  are  plane- 
strain  fracture  toughness  values.  Freed  and  Krafft  (Ref  8)  state  that  the 
acuity  of  the  side  groove  up  to  R  *  0*020  inch  appears  to  have  little  effect 


on  the  value  of  d  or  L  .  They  also  state  that  the  thickness  of  specimen 

1C  ' 

required  for  valid  measurement  appears  to  be  5r^  (where  =  1/2  (K ^/o^)1 

independent  of  the  depth  of  the  side  groove,  and  that  the  value  of  Kjc 

calculated  from  maximum  load  with  specimens  not  meeting  this  requirement 


appears  to  underestimate  the  true  KT  . 

IC 


2.1.3  Surface-Flawed  Bend  Specimen 


The  solution  for  a  semicircular  surface  flaw  in  a  thick  plate  in  bending 
was  presented  by  Stalth  (Ref  3).  dnith  shoved  that  the  back  surface  correction 
for  bending  will  be  smaller  for  bending  than  for  tension.  If  a/t  values  for 
bend  specimens  are  restricted  to  be  less  than  0.5,  it  may  be  concluded  that 
in  this  range  of  a/t  values  no  correction  for  the  back  surface  effect  is 
necessary  for  bending. 

dross  (Ref  9)  presented  the  solution  for  an  edge  notch  (a/2e  =  0)  in 
bending.  This  solution  with  that  of  3nith  (Ref  3;  for  a/2o  =0.5  gives  two 
limiting  cases  of  surface  flaws  in  bending.  Stress  intensities  for  other 
shape  ratios  were  estimated  (Ref  4)  by  assisting  logarithmic  variation 
between  a/2c  =  0  and  a  2c  -  C.5.  The  resulting  relationships  are  plotted 
in  Figure  9.  These  curves  present  stress  intensities  only  at  a  ~  0. 
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Figure  9;  APPROXIMATE  STRESS  INTENSITY  FACTORS  FOR 
SEMI-ELLIPTICAL  SURFACE  FLAWS  IN  BENDING 
AT  a  ■  0 
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The  resultant  equation  for  calculating  stress  intensity  K  for  a  given 
flaw  size  and  applied  bending  moment  becomes 

Kj  =  Mg  0BJir(  a/g)l/;i  (9) 

correction  and  Og  is  the  outer  fiber  applied 

bending  stress  level. 

2.2  Sustained-Stress  Flaw  Growth 

The  most  significant  phenomenon  noted  in  sustained-stress  testing  of 
precracked  specimens  is  the  observation  that  there  is  an  apparent  threshold 
stress  intensity  level  above  which  the  flaws  would  grow  in  a  given  environ¬ 
ment-material  combination,  but  remain  stationary  under  identical  conditions 
if  the  stress  intensity  Is  below  that  level.  Moreover,  the  same  phenomenon 
is  noted  both  in  aggressive  as  well  as  in  relatively  inert  environments. 

The  value  of  threshold  is  designated  by  K^g  where  K  is  the  stress  intensity 
value  calculated  for  a  given  stress-flaw  slse  combination  and  subscript  TH 
signifies  "threshold".  Aotual  calculations  are  made  in  the  usual  manner 
using  any  one  of  the  applicable  formulas  discussed  In  the  previous  section. 

A  striking  example  of  threshold  phenomena  is  provided  by  Beaches  and 
Brown  (Ref  10),  who  explored  the  consistency  in  sustained-stress  crack 
growth  test  results  using  three  different  specimen  types:  the  center-cracked 
plate,  the  surface-flawed  plate,  and  the  precracked  cantilever  beam.  For 
4340  steel  in  dilute  salt  solution,  the  same  X^g  value  was  obtained  from  all 
three  specimens  as  illustrated  in  Figure  10.  The  three  specimen  types  did 
yield  differences  in  failure  *ime  at  &  given  level.  This  result  is  due 
to  the  different  functional  dependencies  of  stress  intensity  upon  crack 
length  for  the  three  specimens.  The  shortest  failure  times  were  observed 
for  the  precracked  cantilever  beam,  which  has  the  most  rapid  incraaea  of 
stress  intensity  with  increasing  crack  length)  the  longest  failure  times 
were  observed  for  canter-cracked  sprrise-  -.  which  the  rate  of  increase 
of  stress  intensity  with  crack  length  is  the  least. 


where  Mg  is  the  bend  specimen 
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TEST  DURATION  (MINUTES) 

Figure  10:  K_,  FOR  4340  STEEITESTED  IN  THREE  DIFFERENT  SPECIMEN  CONFIGURATIONS 


The  work  of  Smith,  Piper,  and  Downey  (Ref  11)  haa  shown  that  specimens 
for  whioh  stress  decreases  with  oraok  length  are  useful  in  the  determination 
of  K^.  The  authors  used  center-cracked  specimens  to  determine  the  threshold 
stress  intensity  for  crack  initiation,  and  the  wedge  opening  load  (WOL) 
specimens  for  crack  arrest.  For  Ti-8A1-1Mo-1V  alloy  in  3.5$  Balt  solution, 
the  threshold  stress  intensity  for  crack  initiation  was  20  to  25  ksi  \/in. , 
and  for  crack  arrest,  20  te  22  ksi  J  in. ,  in  excellent  agreement.  For  end- 
loaded  specimens  under  constant  load,  stress-intensity  factor  and  net  section 
stress  both  increase  with  increasing  craok  length*  for  wedge-force  loading, 
the  net  seotion  stresses  increase,  whereas  the  stress  intensity  decreases 
with  increasing  crack  length.  The  excellent  agreement  between  initiation 
and  arrest  values  dearly  shows  that  it  is  the  stress-intensity  parameter 
that  is  the  controlling  factor  in  the  sustained  stress  crack  growth,  not  the 
net  section  stress. 

The  state  of  deformation  at  the  crack  tip  influences  environmental 
cracking.  There  is  considerable  experimental  evidence  that  indicates  that 
environmental  cracking  is  most  severe  tinder  conditions  of  plane-strain,  and 
less  severe  under  conditions  of  plane-stress.  Brown  (Ref  12)  has  shown 
that  environmentally  Induced  cracks  will  not  propagate  under  stress  conditions 
that  result  in  substantial  shear  lip  formulation,  that  is,  plane-stress 
conditions.  Piper  et  al.#  (Ref  13)  have  demonstrated  that  for  two 
titanium  alloys  decreases  as  specimen  thickness  is  increased. 

Sustained  stress  crack  growth  has  been  also  observed  in  chemically 
inert  environments.  Johnson  (Ref  14)  has  reported  subcrltical  flaw  growth 
over  a  substantial  range  of  stress  intensity  for  AM350  in  a  purified  argon 
environment.  Test  results  show  that  crack  growth  behavior  in  inert  environ¬ 
ments  differs  fran  that  in  aggressive  environments.  In  aggressive  environ¬ 
ments,  crack  growth  rates  increase  uniformly  with  increasing  stress  intensity 
(Refs  11,  15  through  18).  In  inert  environments,  the  crack  growth  rate 
initially  decreases  with  increasing  stress  intensity  (Figure  11).  If  the 
initial  stress  intensity  is  sufficiently  low,  the  crack  growth  may  stop 
altogether.  At  higher  stress  intensities,  the  crack  growth  rate  passes 
through  a  minimum  and  then  increases  steadily  until  fracture. 
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This  behavior  was  also  noted  by  Tiffany  (Ref  19),  who  defined  two 
threshold  stress  Intensities  for  5A1-2.53n(ELl)  tltenium  and  2219-TS7 
aluminum  in  an  environment  of  ambient  air,  liquid  nitrogen,  and  liquid 
hydrogen.  The  one  threshold  stress  intensity  was  defined  as  that  value 
above  which  growth  could  be  expected  to  occur  without  resulting  in  failure. 

A  higher  threshold  stress  intensity  was  defined  as  the  value  above  which 
growth  to  failure  could  be  expected.  Presumably,  sustained  stress  flaw 
growth  in  inert  environments  involves  time-dependent  deformation  processes 
at  the  crack  tip  which  manifest  themselves  in  slow  crack  extension.  Greater 
plastic  relaxation,  associated  with  plane-stress  deformation, seems  tc 
accentuate  inert  environment  growth.  If  there  is  uncertainty  concerning 
the  s^ate  of  deformation  at  the  crack  tip,  one  must  be  careful  to  differ¬ 
entiate  inert  environment  type  of  growth  with  environmental  cracking. 

2.3  Subcritical  Cyclic  Flaw  Growth 

Observations  of  crack  growth  caused  by  fluctuating  loads  indicate  that 
crack  growth  in  metals  cai.  be  looked  at  as  a  continuous  process  proceeding 
at  a  characteristic  rate.  Many  investigators  have  formulated  crack  growth 
rate  laws  for  through-the-thickne3s  cracks  growing  under  conditions  of 
plane-stress  in  thin  metallic  sheets.  Many  of  tnese  laws  and  the  results 
from  which  they  were  derived  are  based  on  fracture  mechanics  analyses, 
which  provide  considerable  information  on  which  to  base  the  analysis  of 
plane-strain  flaw  growth  rates. 

Since  fatigue  crack  growth  is  caused  by  fracture  of  material  in  the 
plastic  zone  at  the  crack  tip,  it  follows  that  two  different  cracked  sheets 
with  identical  sheet  thickness  and  material  properties  should  undergo 
reasonably  identical  fatigue  crack  extensions  if  each  is  subjected  to  the 
same  history  of  variation  of  elastic  stress  intensity.  Thus,  where  da/dN 
is  the  extension  of  a  crack  tip  per  cycle  of  loading,  elastic-plastic 
analyses  suggest  that 

da/dN  =  f  (Kmax,  AX)  (10) 
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A  crack  growth  rate  oorrelatlon  similar  to  Equation  10  was  first  proposed 
by  Paris,  at  al.  (Ref  20).  Subsequent  investigations  (Refs  21  through  26) 
have  adequately  substantiated  the  validity  of  the  stress-intensity  approach. 
Other  crack  growth  rate  lavs  have  been  proposed  that  are  based  on  dimensional 
analysis  (Refs  27,  28,  and  29)  and  the  direot  use  of  elastic-plastic  analyses 
(Refs  30  through  34).  Although  successful  correlations  were  established 
between  limited  amounts  of  data  and  lavs  based  on  dimensional  analysis,  it 
has  been  shown  (Ref  21)  that  such  laws  are  inadequate  when  compared  to  the 
broad  trend  of  cyclic  crack  growth  data.  The  direct  use  of  elastic-plastic 
models  to  develop  track  growth  rate  laws  Is  not  yet  firmly  established. 

Hence,  the  stress-intensity  approach  provides  the  most  powerful  tool  presently 
available  for  the  evaluation  and  correlation  of  cyclic  crack  growth  rates , 

After  locking  at  a  broad  trend  of  data,  Paris  (Ref  20)  concluded  tha1? 
plane-stress  crack  growth  rates  could  be  adequately  represented  for  sinusoidal! 
loaded  metal  specimens  by  the  expression 

da/dN  =  CAKa 

where 

o  is  a  coefficient  that  incorporates  the  effects  of  material 
properties,  mean  load,  frequency,  environment,  etc.; 

K  is  the  value  of  -  K  ^  )  during  a  typical  loading  cycle. 

A  value  of  n  =  4  was  found  to  be  in  agreement  with  test  results  obtained 
from  a  number  of  materials  (steel,  aluminum,  titanium,  and  molybdenum). 

A  value  of  G  has  been  estimated  by  Krafft  (Ref  35),  who  has  proposed 
the  crack  growth  rate  formula 

da  _  16  x  106  f  (?)  „4 

dN  ~  7  E3  K  2  n  max  (11) 

Ic 

where  E  is  the  Young's  modulus  of  the  material,  n  is  the  tensile  strain  that 
can  be  applied  before  plastic  instability  ensues,  K  is  the  maximum  value 


of  K  during  the  loading  sequenee,  Y  =  (lwtlT,  -  ^min)/Kaax  w^ere  is 
minims  value  of  K  during  tha  leading  sequence,  and 


f  (Y) 


(i  -  y  r 


1  +  Y 


Forman,  at  al.  (Ref  36)  compared  the  Paris  lav  with  an  even  larger  range 

of  data  and  found  that  the  lav  did  not  predlot  tha  observed  behavior  of 

crack  growth  rates  tending  to  Increase  rapidly  toward  an  Instability  as 

the  maximal  applied  stress  intensity  approaches  the  fracture  toughness  of 

the  material,  Forman  then  modified  the  Paris  lav  to  take  into  aoeount  the 

instability  and  to  explicitly  express  the  effect  of  load  ratio,  R  =  =-®^. 

ik  max 

Forman's  expression  is 


where: 

C  is  a  coefficient  that  incorporates  the  effects  of  material 
properties,  frequency  environment,  etc. ; 

Kc  is  the  plane  stress  fracture  toughness  of  the  material; 

R  and  A  K  are  as  previously  defined. 


The  experimental  determination  of  flaw  growth  rate  data  for  surface  or 
embedded  flaws  is  more  complex  than  for  through- the-thickness  cracks.  A 
surface  flaw  grows  along  its  entire  periphery  and  continually  changes,  not 
only  in  size  but  also  in  shape.  Furthermore,  the  inacceesibility  of  the 
flaw  prevents  direct  visual  measurements  of  the  flaw  shape  and  size  during 
the  test. 

A  method  of  determining  plane-strain  flaw  growth  rates  from  the  testing 
of  surfaoe-flawed  specimens  has  been  developed  by  Tiffany,  et  al.  (Ref  37). 
Tiffany  noted  that  the  cyclic  life  of  any  specimen  in  which  the  flaw  was 
growing  under  conditions  of  plane-strain  at  a  constant  maximum  cyclic  stress 
was  primarily  a  function  of  the  maximum  initial  stress  intensity  applied  to 
the  specimen  at  the  beginning  of  the  test.  Accordingly,  cyclic  flaw  growth 


data  for  a  given  material,  environment,  and  load  ratio  was  represented  by  a 
single  curve  on  a  plot  of  versus  cycles  to  failure  (K^  versus  N). 

flaw  growth  rates  were  computed  on  the  basis  of  the  slopes  of  the 
versus  N  curve.  Although  Tiffany  presents  flaw  growth  rates  graphically, 
the  rates  could  be  expressed  by  an  equation  of  the  form 


where: 

*0  is  an  arbitrarily  ohosen  stress  level  used  to  evaluate  C; 

C  is  a  constant  depending  on  material  properties,  load  ratio 
environment,  and  oQ« 

In  the  absence  of  data  showing  the  inverse  square  root  stress  effect  of 
Equation  13  over  a  wide  range  of  maximum  stress  levels,  the  equation  should 
be  considered  valid  only  for  the  stress  range  levels  used  to  generate  a 
particular  versus  N  curve. 

In  a  recent  experimental  work  Hall  (Ref  38)  derived  an  expression  to 
represent  cyclic  life  and  flaw-growth-rate  data  obtained  for  2014-T62 
aluminum  and  6A1-4V(ELl)  titanium.  An  equation  of  the  fora 

d(a/Q)/dN  =  C(  aja  )2  (1  +  A)m  (AK)n  (1  -  Kmax/KIc)'p  (14) 

was  chosen  where: 

G  =  a  constant  for  a  particular  material -environment  combination} 

a  =  peak  cyclic  stress  level} 

oQ  =  an  arbitrarily  chosen  peak  cyclic  stress  level  for  which  the 
value  of  C  Is  derived} 

K  =  peak  stress  intensity  at  the  tip  of  the  flaw  during  the 
max  loading  cycle} 
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K  . _  =  minimal  stress  intensity  corresponding  to  K _ j 

min  m&x 

3  (t««  -  W' 

*  =  WAK| 

m,  n,  p  =  exponents  to  be  experimentally  evaluated. 

In  Equation  14»  C  represents  the  effect  of  material  properties,  environ¬ 
mental  conditions,  and  minor  variables  (suoh  as  frequency)  on  flaw-growth 
rate.  Lambda  (A)  is  a  modified  value  of  the  Roberts  and  Erdogan  fj  (Ref  39), 
that  accounts  for  the  effeot  of  mean-applied  K  during  the  loading  cycle j 
A  =  0  for  a  zero-to- tension  loading  cyole  and  1.0  for  a  half- tonal on-to¬ 
te  nsion  loading  cycle.  The  ( AK)n  term  expresses  the  dominating  effeot  of 
stress  intensity  range  in  the  manner  originally  suggested  by  Paris  (Ref  21). 
Flaw-growth  rates  rapidly  increase  as  K  approaches  KT  ,  and  the 
(1  -  Km£ucAic'  tens  vaB  included  to  account  for  this  observed  behavior. 
Finally,  the  stress  ratio  (  aj  a  )2  was  used  to  express  the  experimental 
result  that  the  oydic  life  data  for  specimens  cycled  to  failure  at  different 
elastic  peak  cyclic  stress  levels  can  be  represented  by  a  unique  K^/K-^  - 
or  K^-versus-cycles-to-f allure  curve.  This  result  implies  that  flaw-growth 
rates  are  inversely  proportional  to  the  square  of  the  peak  cyclic  stress 
(Ref  37).  Although  no  systematic  investigation  of  the  stress  level 
dependence  of  plane-strain  flaw-growth  rates  has  been  undertaken  over  large 
ranges  of  peak  oyolio  stress,  the  data  herein  and  in  References  19,  37,  and 
40  show  that  it  is  experimentally  justified  to  consider  flaw-growth  rates 
to  be  stress-level  dependent  for  the  ranges  of  peak  cyolic  stress  nonnally 
encountered  in  spaoeoraft  pressure  vessels.  F\irther  experimental  work  in 
this  area  seems  likely  to  provide  added  measure  of  confidence  in  experimental 
test  data  generated  utilizing  preflawed  specimens  in  conjunction  with  basic 
principles  of  applied  fracture  mechanics. 


3.0  EXPERIMENTAL  PROCEDURE 


Experimental  work  Intended  to  establish  compatibility  of  several  candidate 
materials  in  given  environments  may  be  divided  into  two  distinct  phases* 

Phase  I  -  qualitative  screening  tests  intended  to  reveal  inherent  weaknesses 
or  critical  areas  for  a  given  material-environment  combination;  and  Phase  II  — 
quantitative  fracture  toughness  tests  aiming  to  provide  test  data  usable  in 
actual  design  for  establishing  conditions  for  initial  and  in-service  inspection 
criteria,  functional  testing,  and  assurance  of  structural  integrity  under  ser¬ 
vice  conditions. 

Qualitative  screening  tests  used  in  this  program  are  sui table  for  evaluation 
of  numerous  variables,  such  as  liquid  or  vapor  state  of  the  environmental  fluids; 
pressure,  temperature,  and  stress  levels;  base  metal  and  weldment  areas;  and  even 
different  regions  of  the  weldments  such  as  weld  center,  fusion  zone,  or  heat- 
affected  zones.  Test  data  generated  during  screening  test  indicates  relative 
severity  of  the  many  variables  affecting  the  behavior  of  engineering  materials. 
The  primary  purpose  of  the  screening  test  is  to  cover  aB  many  variables  as  possi¬ 
ble  and  to  ensure  that  none  of  the  critical  parameters  escape  detection. 

Once  the  qualitative  screening  tests  are  completed,  the  Phase  II  testing  is 
then  started  to  determine  more  specific  information  such  as  basic  fracture  tough¬ 
ness,  sustained  or  cyclic  flaw  growth  characteristics,  and  applicable  threshold 
stress  intensity  levels.  The  number  of  specimens  which  should  be  tested  depends 
largely  on  the  intended  service  requirements  of  the  structural  components.  The 
level  of  experimentation  in  the  present  program  may  be  considered  to  be  typical 
for  initial  indication  of  service  capability  for  a  highly  stressed  flight  com¬ 
ponent  with  relatively  short  mission  time.  The  key  features  of  the  experimental 
approach  applicable  to  Phase  I  as  well  as  Phase  II  testing  are  summarized  in  the 
following  sections. 

3.1  Phase  I  —  Qualitative  Screening  Test 

The  main  feature  is  the  experimental  approach  used  for  the  screening  test 
is  the  simultaneous  testing  of  several  sets  of  precracked  specimens  in  the  com¬ 
pletely  enclosed,  pressurized,  and  heated  (or  cooled)  test  retort  (pressure 


cooker)  schematically  illustrated  in  Figure  12.  Several  such  retorts,  if 
used  simultaneously,  would  permit  variation  in  temperature  and  pressure  for 
liquid  as  well  as  vapor  phases  of  the  environmental  fluid  or  introduction  of 
several  fluids  for  a  given  temperature-pressure  combination.  The  test  speci¬ 
mens  of  either  surface-flawed-bend  (SFB)  or  double-cantilever-beam  (DCB)  type 
are  preloaded  and  placed  in  liquid  and  vapor  regions  of  the  retort  and  then 
exposed  to  the  environment  for  a  predetermined  period  of  time.  Environmental 

test  systems  for  the  N-0 . ,  F  ,  and  CiF,  propellants  are  schematically  illus- 

*  4  *  5 

trated  in  Figures  13,  14,  and  15,  respectively. 

3.1.1  Surface-Flawed-Bend  (SFB)  Specimens 

A  typical  prestressed  bend  specimen  assembly  is  shown  in  Figure  16.  Each 
weld  bend  specimen  contains  three  surface  flaws  (depicted  as  A,  B,  and  C  in 
Figure  16).  Flaw  A  is  located  on  the  weld  fusion  line,  parallel  to  the  weld 
bead.  The  centerline  of  the  weld  bead  is  shifted  by  an  angle  9  away  from  the 
specimen  transverse  axis  so  that  each  region  of  the  weldment  is  exposed  to 
the  maximum  bend  stress.  (Use  of  a  four-point  bending  specimen  load  would 
eliminate  the  necessity  f«r  doing  this.)  Flaw  B  is  on  the  weld  centerline 
and  parallel  to  the  axis.  Flaw  G  traverses  the  fusion  line  and  is  oriented 
parallel  to  the  specimen  axis.  Each  bend  specimen  assembly  is  composed  of 
two  specimens,  one  of  which  is  narrower  than  the  other,  so  that  when  the 
specimens  are  prestressed  by  tightening  bolts  to  a  predetermined  displace¬ 
ment,  high  and  low  stress  levels  are  generated.  The  applied  stress  intensity 
levels  are  calculated  by  using  Equation  9  of  the  Smith's  analysis  for  SFB 
specimens.  Configuration  of  the  selected  SFB  specimen  types  and  their  dimen¬ 
sions  are  listed  in  Figures  17  through  22. 

Preloading  of  the  SFB  specimens  is  illustrated  in  Figure  23  for  the 
three-point  bend  and  in  Figure  24  for  the  four-point  bend.  Each  specimen 
assembly  is  preloaded  to  produce  outer  fiber  stresses  in  tne  narrowest  (high- 
stress)  specimen  equal  to  the  yield  strength  of  the  material.  The  load  level 
is  established  by  loading  dummy  SFB  specimens  (no  surface  -.racks)  past  the 
yield  strength  of  the  material  at  the  outer  layers.  Typicd  load  versus 
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TO  DOMt  LOADER  V-MA 


Figure  13:  SCHMATIC  DIAGRAM  OF  THE  N?04  PRESSURIZATION  SYSTEM 


Figure  14:  SCHEMATIC  DIAGRAM  OF  THE  F»  PRESSURIZATION  SYSTEM 


8  16:  TYPICAL  BEND  SPECIMEN  ASSEMBLY  FOR  PHASE  I  TESTING 


Figure  17-  2219-TB1  BASE  METAL  BEND  SPECIMEN 


[T^>  Surface  Flaw  Made  by  Using  Sharp  (.001  radius)  EDM  Cutter 


(3  places  as  shown) 

[2^>Weld  Bead  to  be  Removed  Flush  with  the  Base  Metal 

(HIGH  STRESS) 


All  Dimensions  are  In  Inches 

(j^>Surface  Flaw  Made  by  Using  Sharp  (.001  radius)  EDM  Cutter 
(3  places  as  shown) 

[?^>Weld  Bead  to  be  Removed  Flush  with  the  Base  Metal 

(LOW  STRESS) 

Figure  18:  2219-T81  AS -WELDED  BEND  SPECIMEN 
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All  Dimensions  ore  In  Inches 

Q>  Surface  flaw  made  by  sharp  (.001  Radius)  EDM  cutter. 

(High  Stress) 


i 

j _ 


0.373  Dta.  Hoi. 


V-U.4/3  Lha. 

\  (2  Places) 


All  dl mansions  ore  In  Inches 

[T>1  Surface  Flaw  made  by  using  sharp  (.001  Radius)  EDM  cutter. 
(2  Places  as  Shown) 

Weld  Bead  to  be  Removed  Flush  with  Base  Metal 

(High  Stress) 


All  Dimensions  are  In  Inches 

Surface  flaw  made  by  using  sharp  (.001  Radius)  EDM  cutter 
(2  places  as  shown) 

Weld  Bead  to  be  Removed  Flush  with  Base  Metal 

(Low  Stress) 


Figure  20:  2023-T8I  ALUMINUM  WELD  METAL  BEND  SPECIMEN 


Syw 


Y*  .375  Dla  Holt 

\  (2  Mac m) 


All  Dimensions  ora  In  Inches 

[T>  Surface  Flow  Made  by  Uklng  Sharp  (.001  radius)  EDM  Cutter 
(3  places  As  Shown  ) 

Weld  Bead  to  be  Removed  Flush  with  the  Base  Metal 


(HIGH  STRESS) 


0.375  Dla.  Hole 
(2  Places) 


0.50  (Typ) 


\ — 0.25* 

All  Dimensions  are  In  Inches 

[]^>  Surface  Flaw  Made  by  Ublng  Sharp  (.001  radius)  EDM  Cutter 
(3  Places  as  Shown ) 

j2^>Weld  Bead  to  be  Removed  Flush  wtth  the  Base  Metal 

(LOW  STRESS) 

Figure  22:  6AI-4V  WELD  METAL  TITANIUM  BEND  SPECIMEN 


Test  Assembly 


Figure  23:  SFB  SPECIMEN  ASSEMBLY  PREIOADINC  (Three  Point  Bend) 


e  24=  SFB  SPECIMEN  ASSEMBLY  PRELOADING  (Four  Point  Bend) 


head  travel  curves  are  shown  in  Figures  25  and  26  for  the  2021 -T81  aluminum 
base  metal  and  weldment,  respectively. 

The  preloaded  SFB  specimen  assemblies  representing  base  metal  and  weld¬ 
ments  are  then  exposed  to  the  environment  being  evaluated.  Upon  conclusion 
of  the  exposure,  the  specimen  assemblies  are  unloaded  and  examined  under  a 
wide-field  microscope.  The  specimens  are  then  subjected  to  cyclic  flexing 
to  mark  outlines  of  the  surface  cracks  and  fractured  in  the  three-point  bend 
test  fixture.  The  exposed  fracture  surfaces  are  subjected  to  fractographic 
examination  and  flaw  size  measurement.  Saould  there  be  a  failure  or  crack 
extension  during  the  test  run,  the  corresponding  levels  may  also  be  cal¬ 
culated  with  the  aid  of  postfracture  examination,  which  would  indicate 
approximately  the  failure/no-f allure  or  growth/no -growth  threshold  stress 
intensity  level. 

3.1.2  Double-Cantilever-Beam  (DCB)  Specimen 

Plain  and  grooved  DCB  specimen  configurations  are  shown  in  Figures  27 
and  28,  respectively.  A  typical  prestressed  DCB  specimen  tested  in  this 
program  is  shown  in  Figure  29.  The  specimen  incorporates  a  constant  dis¬ 
placement  (load-holding)  method  by  welding  a  bar  across  the  specimen  face  to 
keep  specimen  jaws  in  the  open  (loaded)  position.  The  specimen  shown  in 
Figure  29  further  uses  side  grooves  to  suppress  formation  of  shear  lips  for 
a  more  uniform  growth  of  the  crack  front.  Experimental  effort  in  determining 
groove  shape  and  depth  proceeds  along  the  following  lines: 

First,  a  specimen  with  a  tentative  groove  depth  of,  say,  10)1  of  the 
material  thickness  is  subjected  to  cyclic  loading  to  initiate  a  sharp  fatigue 
crack,  and  then  to  propagate  the  crack  under  cyclic  loading  to  a  predeter¬ 
mined  depth.  After  crack  extension  of  3ome  0.1  to  0.3  inch,  the  specimen  is 
pulled  to  failure.  Examination  of  the  fractured  specimen  reveals  the  contour 
of  the  crack  front  propagated  under  cyclic  loading.  The  extent  of  the  shear 
lip  formed  during  the  static  pull  to  failure  is  also  noted.  Tunneling  of 
the  crack  front  as  well  as  a  possible  formation  of  the  shear  lip  would  indi¬ 
cate  excessive  '‘plane  stress"  influence  and  would  call  for  deeper  side  groves. 
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Figure  25:  PREL  AO  CURVE  FOR  2021-T81  ALUMINUM  (Base  Metal) 
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Figure  26: 


re  27 


Figure  29;  PRESTRESSED  DCB  SPECIMEN 


If  it  should  happen  that  the  creak  J'rant  in  specimens  with  deeper  grooves 
advanced  more  rapidly  along  the  side  grooves  rather  than  at  the  midsection 
of  the  crack,  then  the  groove  is  too  deep.  Some  compromise  between  the  two 
conditions  is  established  so  that  the  propagating  crack  front  is  as  uniform 
as  possible. 

The  required  load  level  for  DCB  specimens  is  established  by  determining 
a  compliance  curve  similar  to  the  one  shown  in  Figure  30.  The  load  level  is 
gradually  applied  in  increments  of  1,000  pounds.  Each  time,  as  soon  as  a 
given  load  level  is  reached,  the  loading  is  stopped  for  1  minute,  and  a 
displacement  mark  is  made  on  the  chart  to  cheek  whether  the  crack  opening 
displacement  continued  to  increase  at  a  given  load  level.  The  process  is 
repeated  until  specimen  fractures  or  the  separation  of  displacement  points 
becomes  noticeable.  The  specimens  are  then  preloaded  to  a  level  somewhat 
lower  than  the  point  depicting  departure  from  linearity  or  actual  fracture. 

3.2  Phase  II  ~  Quantitative  Crack  Growth  Test 

Unlike  Phase  I  testing,  from  which  only  a  qualitative  type  of  data 
could  be  derived,  Phase  II  testing  is  designed  to  furnish  test  data  directly 
applicable  in  engineering  design.  Precracked  surface-flawed  tensile  (SFT) 
specimens  were  used  for  these  types  of  tests.  Configuration  of  a  typical 
surface  flaw  is  shown  in  Figure  31.  Surface  flawed  specimens  for  2219-T81 
aluminum  weldments,  6A!-4V(ZLI)  titanium  weldments,  2021 -T81  aluminum  base 
metal  and  weldments,  and  410(JCD)  stainless  steel  weldments  are  shown  in 
Figures  32  through  36.  Configuration  of  the  weld  joints  for  2219-T81 
aluminum,  6AI-4V(ELI)  titanium,  and  2021-T81  aluminum  are  shown  in  Fig¬ 
ures  37,  38,  and  39,  respectively.  Environmental  test  systems  for  the 
N2°4*  ^  C1?5  Propellants  contained  the  same  essential  characteristics 

illustrated  in  Figures  13,  14,  and  15  except  that  only  one  specimen  was 
tested  at  any  one  time. 

The  generated  test  data  is  expressed  in  terms  of  threshold  stress- 
intensity  levels,  which  may  be  used  for  establishing  defect  acceptance 
criteria,  proof  and  functional  test  requirements,  and  definition  of  minimum 
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Figure  30:  LOAD  COMPLIANCE  CURVE  FOR  6AI-4V  (ELI! 
TITANIUM  DCB  SPECIMEN 
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Figure  31:  TYPICAL  SURFACE  FLAW 


igure  32:  2219-T851  ALUMINUM  SURFACE  FLAWED  SPECIMEN 
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Figure  37: 2219-T851  ALUMINUM  WELD  TEST  PANEL 
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Figure  39:  202M81  ALUMINUM  WELD  TEST  PANEL 
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expected  service  life.  Preparation  of  SFT  test  specimens,  testing,  and 
specimen  examination  is  conducted  in  the  following  manner. 

3,2.:  Static  Test 

For  SFT  specimens,  the  initial  flaw  is  prepared  using  an  electrical 
discharge  machine  (EDM) .  The  specimen  is  then  subjected  to  low  stress  cyclic 
loading  until  a  fatigue  crack  is  initiated  along  the  entire  periphery  of  the 
EDM  .law.  Normally,  the  resultant  crack  front  becomes  semielliptical.  In 
the  presence  of  gross  inhomogenieties  or  incipient  delaminations  in  the 
material,  orderly  progression  of  the  crack  is  sometir  )s  inhibited  and  the 
crack  front  becomes  irregular.  When  crack  progression  is  normal,  the  final 
flaw  depth  is  estimated  by  judging  the  separation  of  the  crack  opening  at 
the  bottom  of  the  EDM  flaw  thus  ensuring  a  fair  degree  of  initial  flaw 
uniformity  from  one  specimen  to  another.  The  SFT  specimens  vith  prepared 
cracks  are  then  pulled  to  failure  to  provide  basic  fracture  toughness  data 
for  comparison  with  the  data  obtained  in  the  corrosive  environments. 

3.2.2  Sustained  Flaw  Growth  Test 

An  SFT  specimen  with  a  fatigue-extended  surface  flaw  is  mounted  in  the 
tensile  machine  equipped  with  auxiliary  plumbing  for  transferring  and  pres¬ 
surizing  required  environmental  fluids.  A  small  cup  is  placed  over  the 
surface  crack  so  that  the  crack  cavity  and  the  adjacent  area  on  the  crack- 
containing  surface  are  completely  flooded  with  the  fluid  being  evaluated. 

The  cup  is  sealed  to  prevent  escape  of  the  fluid  to  the  outside  during 
pressurization.  The  clamping  force  was  just  large  enough  to  provide 
required  compression  of  the  seal  to  prevent  leakage.  The  fluid  is  intro¬ 
duced  irto  the  cup  and  pressurized  to  the  desired  level.  The  specimen 
remains  unloaded. 

With  the  crack  cavity  completely  submerged,  the  specimen  is  then  sub¬ 
jected  to  low-stress  cyclic  loading  (50  to  100  cycles)  to  purge  the  crack 
cavity  and  to  generate  a  fresh  crack  surface.  The  maximum  cyclic  load  level 
is  kept  below  30%  of  the  intended  sustained  load  level.  Cycling  at  a  much 
higher  load  could  influence  the  results  of  the  sustained  load  testing.  Once 
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the  flaw  has  been  purged  and  extended  by  cyclic  loading,  the  specimen  is 
loaded  to  a  desired  stress  level  and  left  at  that  stress  for  a  predetermined 
period  of  time. 

Upon  conclusion  of  the  sustained  load  test  run,  the  specimen  is  once 
again  subjected  to  low-stress  fatigue  to  marie  the  outline  of  the  crack 
front.  The  specimen  is  then  pulled  to  failure  and  fracture  surfaces  examined. 

3.2.3  Cyclic  Flaw  Growth  Test 

Cyclic  flaw  growth  data  is  generated  using  SFT  specimens  that  are 
prepared  in  an  identical  manner  as  those  for  static  or  sustained  flaw 
growth  testing.  Programming  of  the  load  levels  as  well  as  load  profiles  is, 
to  a  great  axten* ,  dependent  upon  intended  appl  cation.  Normally,  pressuri¬ 
zation  rates  in  propellant-containing  pressure  vessels  are  relatively  slow. 

In  the  present  program,  cyclic  frequency  was  set  at  about  2  to  4  cycles  per 
minute.  The  loading  profile  was  sinusoidal . 

If  it  is  necessary  to  obtain  cyclic  flaw  growth  data  for  missions 
involving  many  pressurization  cycles,  then  programming  of  the  specimens 
would  call  for  consideration  not  only  of  the  initial  (K.^)  stress  intensity 
levels,  but  also  of  the  terminating  or  critical  (Kjc)  stress  intensity 
values.  The  latter  is  important  because  surface  flaws  must  remain  completely 
confined  within  the  material  thickness  and,  ideally,  depth  should  not  exceed 
half  of  the  material  thickness.  While  there  are  approximate  correction  fac¬ 
tors  to  account  for  variation  in  depth  as  well  as  the  shape  of  the  surface 
flaw,  application  of  the  test  data  calls  for  more  engineering  judgment  than 
otherwise  would  be  necessary. 

3.3  Fractographlc  Techniqu 

Fatigue  zones  on  a  fractured  surface,  while  frequently  visible  to  the 
naked  eye  in  properly  oriented  light,  are  difficult  to  photograph  under 
ordinary  illumination.  During  the  NAS  3-4194  program  (Ref  19),  attempts 
were  made  to  improve  fractographlc  resolution  of  cyclically  tested  specimens 
by  the  use  of  polarized  white  light. 


60 


The  essential  elements  of  the  fractographic  technique  are  illustrated 
schematically  in  Figure  40.  The  developed  fractographic  setup  consists  of 
a  beam  of  white  light  passing  through  the  first  Polaroid  filter,  which  is 
positioned  so  that  its  plane  of  polarization  is  parallel  to  the  upper  edge 
of  an  optical  glass  reflector.  Light  transmitted  through  the  first  filter 
is  plane-polarized  and  reflected  from  the  glass  plate  vertically  downward 
on  the  fracture  specimens  without  rotating  the  polarization  plane.  Upon 
striking  the  specimen  surface,  some  of  the  plane-polarized  rays  of  light 
are  reflected  under  a  shallow  angle  with  respect  to  the  horizontal  plane  and 
are  scattered  outside  the  optical  axis  of  a  camera.  Others  are  reflected 
upward,  pass  through  the  glass  plate  without  rotation,  and  then  are  cross- 
polarized  by  the  second  polarizer  screen.  Still  other  rays  strike  the 
somewhat  obliquely  oriented  flat  surfaces  and  are  reflected  upward  with 
resultant  rotation  of  the  polarizing  plans.  These  rays  pass  more  readily 
through  the  second  polarizing  plate  and  are  recorded  on  film.  The  degree 
of  shading  or  contrast  attained  is  apparently  a  measure  of  relative  density 
and  distil bution  of  reasonably  flat  and  obliquely  oriented  surface. 

One  cyclically  tested  2219-T87  aluminum  specimen  (Ref  37),  sectioned 
and  polished  to  show  fracture  profile,  is  pictured  in  Figure  41.  It  can 
tu  seen  that  profiles  of  the  fracture  faces  bear  distinct  characteristics 
depending  on  mode  of  crack  propagation.  The  low-stress  initial  extension 
region,  which  has  numerous  flat  plateaus,  appears  to  be  dark  in  the  picture. 
The  region  in  which  the  fracture  was  under  cyclic  high-stress  loading  has 
fewer  flat  plateaus  and  is  not  as  dark  in  the  pictures.  Finally,  regions 
of  rapidly  propagating  fracture  are  almost  completely  devoid  of  flat  sur¬ 
faces  and  appear  to  be  quite  light  on  the  fractograph.  An  illustration  taken 
from  Reference  J1  compares  a  fractograph  taken  with  polarized  light  with  a 
fractograph  obtained  from  the  same  specimen  using  conventional  illumination 
and  1 3  shown  in  Figure  42. 

The  same  fractographic  technique  has  been  applied  to  the  NAS  3-6290 
program  (Ref  19),  designed  to  determine  sustained  flaw  growth  characteristics 
of  the  2219-T87  aluminum  and  5AI-2.5Sn(ELI)  titanium  in  the  environments  of 


61 


-c3 

men 


Zone  C  -  Rapid  Fracture  Zone 

gure  41 :  CROSS-SECTIONS  OF  PHOTOGRAPHICALLY  DISCRETE  ZONES 
IN  CYCLICALLY  TESTED  2219-T87  ALUMINUM  SPECIMEN 


NO  POLARIZATION  (REFLECTED  WHITE  LIGHT) 


LIGHT  POLARIZED  BY  CROSSED  POLARS 


Figure  42:  2219  ALUMINUM  FATIGUE  SPECIMEN 
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liquid  nitrogen  and  hydrogen  as  veil  as  under  ambient  atmospheric  conditions. 
High  degrees  of  reproducibility  achieved  by  polarized  light  fractography  is 
illustrated  in  Figure  43*  shoving  the  difference  batveen  vhite  and  polarized 
light  illumination  for  sustained  load  test  specimens.  The  same  technique  is 
further  illustrated  in  Figure  44*  shoving  fracture  faces  of  multiple  test 
run  specimens.  The  advantages  of  the  vhite  light  as  a  supplement  to  the 
polarized  light  fractograph  are  illustrated  in  Figure  45*  shoving  a  delamin¬ 
ated  2219-T87  aluminum  tank  fracture  face.  Application  of  the  same  fracto- 
graphic  techniques  in  the  present  program  made  both  the  resolution  and 
reproduction  of  the  crack  grovth  data  easier  and  more  accurate. 


R.T.  2.9x 


SPECIMEN  NO.CA-43 
(  White  Light  Illumination  ) 


R.T.  3.6x 


SPECIMEN  NO.  CA-43 
(  Polarized  Light  Illumination  ) 

Figure  43 :  FRACTOGRAPHS  OF  2219-T87  ALUMINUM  SPECIMEN 

TESTEC  AT  ROOM  TEMPERATURE  (  Specimen  No.  CA-43 ) 


66 


Figure  44:  FRACTOGRAPHS  OF  2219-T87  ALUMINUM  SPECIMENS 
TESTED  A1  ROOM  TEMPERATURE  (  Specimens  CA-34 
And  DA-33 ) 
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R.T.  Ox 

TANK  NO.  0001,  FLAW  NO.  1 
(White  Light  Illumination  ) 


R.T.  2.8x 

TANK  NO.  0001,  FLAW  NO.  1 
(  Polarized  Light  Illumination  ) 


Figure  45:  FRACT0GRAPHS  OF  2219-T87  ALUMINUM  TANK  TESTED  AT 
ROOM  TEMPERATURE  ( Tank  No.  0001 ) 
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4.0  MATERIALS 


Two  2219-T851  aluminum  platea  0.750  by  48  by  144  inches  were  obtained 
per  MIL-A-8920A  (ASG) .  Typical  mechanical  properties  at  room  temperature 
for  this  lot  of  material  were  listed  by  the  supplier  as  67.3  ksi  ultimate 
strength,  50,5  ksi  yield  strength,  and  10.5/6  elongation  in  the  2-inch  gage 
length.  Chemical  composition  of  the  material  was  reported  to  fall  within 
the  following  percentage  points:  Si  0.20  max,  Fe  0.30  max,  Cu  6.8  to  5.8, 

Mn  0.40  to  0.20,  Mg  0.02  max,  Zn  0.10  max,  Ti  0.10  to  0.002,  V  0.15  to  0.05, 

Zr  0.25  to  0.10,  others  0.15  to  0.05.  The  material  was  furnished  free  of 
charge  by  the  Aluminum  Company  of  America  in  the  interest  of  promoting 
investigation  of  alloy  behavior  in  aggressive  environments. 

Two  6A!-4V(ELI)  titanium  plates  0.375  by  24  by  72  inches  were  purchased 
in  the  annealed  condition  from  Titanium  Metals  Corporation  per  AMS  4911 A 
except  that  the  interstitial  content  was  specified  pot  to  exceed  the  following 
limits:  C  0.08  max,  O2  0.13  max,  N2  0.05  max,  H2  ppm  max,  and  Fe  0.25 
max.  Chemical  composition  of  the  material  was  reported  by  the  supplier  to 
be:  C  0.023,  Fe  0.06,  N2  0.009,  A]  5.9,  V  4.0,  H2  0.005  to  0.004,  02  0.11. 
Typical  mechanical  properties  of  the  as  received  material  were  listed  aB 
136.0  ksi  ultimate  strength,  131.1  yield  strength,  and  elongation  in  the 
2- inch  gage  length. 

Both  titanium  plates  were  sectioned  into  test  panels,  then  heat-treated 
at  1750  +  25°F  for  one  hour,  water  quenched  to  60°F,  then  aged  at  1050°  for 
six  hours.  Due  to  severe  warpage  of  the  panels  during  solution  heat  treat¬ 
ment  and  water  quench  cycles,  aging  of  the  panels  was  done  in  a  hot  press. 

Three  410 (MOD)  stainless  steel  plates  0.50  by  24  by  72  inches  were 
purchased  from  the  Republic  Steel  Corporation  per  United  Technology 
Corporation  (UTC)  Specification  4MDS-20705B  with  several  minor  modifications 
to  make  4MDS-20705B  applicable  to  plate  rather  than  bar  and  forging  material 
for  which  the  specification  was  written.  The  modifications  consist  of 
requesting  the  slab  instead  of  the  plate  to  bo  macroetched  for  segregations, 
substitution  of  number  one  surface  finish  in  place  of  RMS  125  as  required 
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for  bar  stock*  Tasting,  sampling  and  narking  to  bo  dona  per  "3D-STD-151 
as  applicable  to  plate j  the  plate  vas  to  be  rolled  in  one  direotlon  and 
delta  ferrite  vas  to  be  limited  to  5  percent  or  less.  Chemical  composition 
of  the  material  vas  reported  to  fall  within  the  following  percentage  points: 
Cr  11.50  to12.50,  Ni  0.75  max,  Mn  0,60  max,  Si  0.50  max,  Cn  0.50  max, 

Mo  0.20  max,  C  0,12  to  0.15,  A1  0.05  max,  Sn  0.05  max,  Ph  0.025,  S  0.025, 

Fe  -  balance. 

Heat  treatment  of  the  41 0(M0D)  plates  vas  done  in  accordance  vith  the 
UTC  Specification  4TDS-90102B.  The  essential  features  of  the  heat  treatment 
cycles  vere:  Austenitise  at  1735  +  15°F  for  one  hour}  forced  air  cool 
belov  1200°F  in  less  than  8  minutes}  cool  to  roam  temperature;  double  temper 
at  600  +  10°F  for  two  hours  each;  air  cool  to  roam  temperature.  Typical 
mechanical  properties  of  the  steel  after  such  treatment  vere  reported  to  be 
Fj.u  =  192.4  ksi,  F^  =  155.1  ksi,  percent  elongation  in  1.0-inch  gage  length 
15.5,  reduction  of  area  68  percent. 

The  2021 -T8l  aluminum  veld,  as  veil  as  base  metal  plate  samples,  vere 
furnished  by  the  Lockheed  Aircraft  Corporation  vithout  chemical  composition 
or  mechanical  properties  test  data.  The  material,  however,  is  being 
subjected  to  exhaustive  investigation  by  Lockheed  so  that  it  would  he 
possible  to  obtain  the  information  if  necessary. 

A  2319  weld  filler  wire,  0.063  inch  in  diameter,  used  for  welding  2219- 
T851  aluminum  plate,  has  been  purchased  per  EMS  7-75B  Type  II  (equivalent 
to  ASTM  B-265-21T,  "Tentative  Specification  for  Aluminum  Aluminum-Alloy 
welding  Hods  and  Bare  Electrodes").  Chemical  composition  of  the  2319  weld 
filler  wire  was  reported  to  be  within  the  following  limits:  Mn  0.40  to 
0.20,  Si  0.20  max,  V  0.15  to  0.05,  Zr  0.25  to  0,10,  Cu  6,8  to  5.8,  Mg  0.02 
max,  Zn  0.10  max,  Ti  0.20  to  0.10,  Fe  0.30  max.  The  wire  was  obtained  from 
The  Boeing  Company's  stock. 

The  6aI-4V(ELI)  titanium  weld  filler  wire  heat  No.  3335-D1  was  purchased 
per  AMS  4954A.  Chemical  composition  of  the  wire  was  reported  to  be  C  0.08, 


70 


Fe  0,20,  V  3.60,  A1  6.45,  0,.  0.03,  N2  0.01,  H2  0.002.  Tensile  properties  of 
the  wire  were  given  as  136.3  ksi  ultimate  strength  and  121.2  ksi  yield 
strength.  The  veld  wire  was  purchased  from  the  RStD  Metals  Corporation. 

Liquid  propellants  used  in  the  program  were  standard  grade,  meeting 
the  required  military  or  supplier’s  specifications.  Nitrogen  tetroxide 
(N20^)  was  purchased  per  PPD-2  NASA  specification.  The  propellant  also 
met  the  MH-T-26539B  specification.  Fluorine  was  purchased  from  Allied 
Chemical  Company.  The  hydrogen  fluoride  content  was  reported  to  he  less 
than  0.2%.  Chlorine  pentafluoride  (GIF,.)  was  purchased  from  the  Allied 
Chemical  Company  and  reportedly  was  produced  in  accordance  with  the  best 
practice  of  the  Industry.  No  current  specification  was  cited. 


71 


5.0  EXPERIMENTAL  TEST  RESULTS 


5.1  Phase  I  —  Screening  Test 

Experimental  test  results  generated  using  surface-flawed-bend  (SFB) 
specimens  are  summarized  in  TAELES  1 ,  2,  and  3  for  the  2219-T851  aluminum 
in  the  environments  of  N20^,  F0,  and  CIF^,  respectively,  In  TAELE  4  for  the 
2021 -T81  aluminum  in  the  environment  of  N^O^,  and  in  T.ELES  5  through  9 
for  the  6Al-4V(ELI)  titanium  in  the  environment  of  F2  and  CIF^.  The  makeup 
of  the  tables  is  common  to  all  material  propellant  combinations  ana  consists 
of  the  following  key  elements: 

The  first  four  columns  list  specimen  identification  numbers  together 
with  the  symbolic  notation  of  the  speolmen  type  (base  metal  or  weldment, 
and  the  location  of  the  surface  flaw),  specimen  thickness,  ard  width.  The 
next  two  columns  show  initial  flaw  size  in  terms  of  its  depth  nan  and  length 
"2c"  in  inches.  In  all  cases,  the  "a"  and  "2c"  dimensions  are  the  result  of 
EDM  machining  using  circular  disc  eutter  with  a  terminating  radius  less  than 
.002  of  an  inch.  There  was  no  fatigue  extension  of  the  EDM  flaws. 

The  applied  streps  level  at  the  outer  fiber  oQ,  resulting  shape 
parameter  Q  that  incorporates  a,  2c,  and  oJ  a  values,  SFB  specimen  bend 
parameter  Mg  applicable  for  given  conditions,  and  the  calculated  stress 
intensity  value  at  the  beginning  of  the  test  run  are  listed  in  the  next  four 
columns. 

It  should  be  realized  that  calculated  values  of  applied  stress  Intensity 
may  not  be  truly  representative  of  the  actual  stress  intensity  that  would 
have  been  generated  if  the  EDM  flaws  were  extended  by  cyclic  loading.  The 
extent  of  the  departure  from  the  true  value  of  applied  stress  intensity  will 
be  more  prono-moed  for  more  brittle  materials  such  as  heat-treated  titanium 
and  may  not  be  significant  for  the  more  ductile  materials  such  as  2219 
aluminum. 
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Designation  of  onviromeutal  media,  pressure,  temperature ,  and  time  under 
sustained  loading  are  followed  by  the  oolumne  listing  flaw  dimensions  "a" 
and  "2on  after  the  test  run.  In  oases  where  there  was  no  crack  extension 
during  the  sustained  load  run,  the  final  flaw  size  is  the  same  as  the  Initial 
flaw  else.  There  are,  however,  instances  where  the  crack  did  grow  under 
sustained  load.  To  facilitate  spotting  of  the  speolmens  with  flaw  size 
increase,  an  extra  colmn  is  inserted  to  show  flaw  increment  in  terms  of  depth 
increase  A  a  in  inches.  A  corresponding  increase  of  2c  dimension  may  be 
readily  established  by  comparison  of  final  and  initial  2c  dimensions.  The 
resulting  stress  intensity  value  )  at  the  end  of  the  test  run  is  then 
calculated  using  final  flaw  dimensions.  Once  again  it  should  be  noted  that 
in  the  absenoe  of  crack  extension  during  sustained  test  run,  flaw  dimension 
used  in  oalaculations  are  those  introduced  by  the  EDM  machining. 

The  information  pertaining  to  cyclic  flaw  marking  in  terms  of  temperature, 
maximum  applied  load  level,  mcment  arm  d  and  number  of  cycles  used  to  mark 
the  flaw,  the  flaw  size  after  marking  in  terms  of  a  and  2c  dimensions  are 
listed  in  the  next  colunns. 

Experimental  test  results  obtained  using  double-cantilever-beam  (DCB) 
specimens  are  summarized  in  TABLE  9.  The  format  of  the  table  is  similar  to 
the  one  used  for  SFB  specimens  inasmuch  as  it  lists  specimen  identification, 
Initial  crack  extension  by  cyclic  loading  data,  and  sustained  load  test 
conditions.  The  table  also  lists  post-test  and  post- fracture  conditions 
and  ealoulated  stress-intensity  levels.  Coonon  specimen  dimensions  in  terns 
of  thickness,  beam  depth,  and  Poisson  ratio  are  also  listed. 

5.1.1  2219-T851  Aluminum 

The  2219-T851  aluainm  was  tested  in  the  environments  of  liquid  and 
vapor  phases  of  F^,  and  CIF^.  In  each  case  two  pressure -temperature 

combinations  were  Involved.  For  each  combination  there  were  two  specimen 
assemblies  in  the  vapor  phase  of  the  propellant  and  two  specimen  assemblies 
in  the  liquid  phase.  Of  the  two  assemblies,  one  consisted  of  high-stress  and 
low-stress  base  metal  specimens.  The  other  assembly  consisted  of  high-stress 
and  low- stress  weld  metal  specimens.  All  base  metal  spoclmens  contained 
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one  surface  flaw  per  specimen.  All  weld  metal  specimens  contained  three  flaws 
per  specimen.  Configuration  of  the  base  metal  and  weldment  high-stress  and 
low-stress  specimens  is  shown  in  Figures  17  and  18. 

5. 1.1.1  N204  and  2219-T851  Aluminum 

Pertinent  specimen  dimensions,  test  conditions,  and  flaw  size  measurements, 
together  with  the  calculated  stress-intensity  K  values,  are  listed  in  TABLE  1 . 

As  can  be  seen  from  the  column  depicting  flaw  increment  during  sustained  load 
test  run,  none  of  the  surface-flawed  bend  specimens  showed  any  signs  of  flaw 
growth  as  a  result  of  the  exposure  to  N.O^  propellant  at  50  psi  and  50°F  as 
well  as  at  450  psi  and  140°F.  The  test  run  consisted  of  20  hours  under  sus¬ 
tained  loading  conditions.  A  schematic  diagram  of  pressurization  system 
is  shown  in  Figure  13. 

5. 1.1. 2  F2  and  2219-T851  Aluminum 

Pertinent  specimen  dimensions,  test  conditions,  and  flaw  size  measurements 
together  vdth  the  calculated  stress-intensity  K  values  ere  listed  in  TABLE  2. 

As  in  the  environment  of  NjO^,  none  of  the  specimens  showed  any  signs  of 
corrosion  attack  or  flaw  extension.  Pressure  temperature  for  high-pressure 
and  low-pressure  chambers  were  450  psi  and  -235°?  and  50  psi  and  -320°F. 

Because  load  levels  for  these  specimens  were  the  same  as  those  used  for  N^O^ 
test,  the  applied  stress  intensity  levels  were  also  similar.  Test  runs  were 
21  hours  under  sustained  load  conditions  in  the  low-pressure  chamber  and 
24  hours  in  the  high-pressure  chamber.  A  schematic  diagram  of  the  pressuri¬ 
zation  system  is  shown  in  Figure  14. 

5.1.1. 3  CIF^  and  2219-T851  Aluminum 

Test  results  of  this  test  run  together  with  pertinent  specimen  dimensions 
and  flaw  sizes  are  listed  in  TABLE  3.  As  in  the  previous  two  environments 
of  N_0  and  F_,  exposure  to  C1F,  at  450  pai  and  140°F  and  50  psi  and  50°F 
did  not  result  in  crack  extension.  Test  runs  were  17:47  and  18:40  hours  for 
the  low-pressure  and  high-pressure  chambers,  respectively.  A  schematic 
diagram  of  the  CIF^  pressurization  system  is  shown  in  Figure  15. 
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SPECIMEN 

NUMBER 

TYPE 

THICK¬ 
NESS 
t  (in.) 

WIDTH 

W  (in.) 

INITIAL  FLAW 
_ SIZE _ 

0 

(ksi) 

0 

mb 

K,. 

Q>-! 

ENVIRON¬ 

MENT 

8 

a  (in.) 

— 

l2c_.  (in.) 

9BV-1 

BM 

.507 

1.00 

.052 

.152 

48.9 

1.57 

.900 

14.19 

N2°4 

9BV-2 

BM 

.507 

1.5 

.054 

.260 

32.6 

1.25 

.920 

10.86 

N2°4 

9BL-1 

BM 

.507 

1.0 

.054 

.156 

48.9 

1.58 

.890 

14.24 

9BL-2 

BM 

.505 

1.5 

.050 

.260 

32.6 

1.21 

.940 

10.84 

N2°4 

9WV-I 

A 

- 

- 

- 

- 

- 

- 

- 

- 

* 

9WV-1 

B 

.500 

1.3 

.054 

.157 

20.3 

1.58 

.895 

5.96 

N2°4 

9WV-1 

r 

V 

.500 

1.3 

.052 

.152 

20.3 

1.57 

.890 

5.83 

Va 

9WV-2 

A 

.504 

2.0 

.048 

.244 

13.2 

1.22 

.950 

4.50 

N2°4 

9WV-2 

B 

.507 

2.0 

.052 

.264 

13.2 

1.22 

.933 

4.51 

N2°4 

9WV-2 

C 

.507 

2.0 

.052 

.256 

13.2 

1.24 

.930 

4.46 

9WL-1 

A 

.499 

1.3 

.054 

.154 

20.3 

1,60 

.890 

5.88 

N2°4 

9WL-1 

B 

.500 

1.3 

.052 

.154 

20.3 

1.55 

.890 

5.86 

■?r 

9WL-1 

C 

.497 

1.3 

.052 

.150 

20.3 

1.59 

.890 

5.79 

9WL-2 

A 

.502 

2.0 

.052 

.256 

13.2 

1.24 

.930 

4.46 

9WL-2 

3 

.502 

2.0 

.053 

.252 

13.2 

1.26 

.920 

4.42 

N2°4 

9WL-2 

C 

.501 

2.0 

.052 

.258 

13.2 

1.23 

.930 

4.46 

N2°4 

9BV-3 

BM 

.507 

1.0 

.054 

.156 

48.9 

1.58 

.900 

14.43 

N2°4 

9BV-4 

BM 

.506 

1.5 

.055 

.260 

32.6 

1.26 

.925 

10.97 

9BL-3 

BM 

.507 

1.0 

.052 

.156 

48.9 

1.53 

.890 

14.19 

N2°4 

9BL-4 

BM 

.508 

1.5 

.055 

.256 

32.6 

1.27 

.910 

10.75 

9WV-3 

A 

- 

- 

- 

- 

- 

- 

- 

- 

- 

9WV-3 

B 

.503 

1.3 

.055 

.154 

20,3 

1.63 

.880 

5.80 

N,0. 

2  4 

9WV-3 

C 

.503 

1.3 

.052 

.152 

20.3 

1.57 

.890 

5.82 

N  0 

2  4 

~y 

9WV-« 

A 

.503 

.  2.0  . 

.052 

.250 

13.2 

.1-25 

.930 

4.44 

N  0 

2U4 

j 

9VV-4 

B 

.503 

2.0 

.057 

.266  !  13.2 

1.27  !  .910 

4.51 

s:°4 

9WV-4 

c 

.502 

2.0 

.050 

.252  |  13.2 

1.23  j  .940 

4.44 

S’2°4 

— 

9W1-3 

A 

,502 

.055 

.152 

20.3 

1.64  !  .890 

5.86 

~^7> 

-*  f 

a!  *4 

9WL-3 

B 

.503 

1.3 

.060 

.162 

20.3 

f - 

1  .68  .  .870 

5.91 

9UL-3 

C 

.502 

1.3 

.056 

.152 

20.3 

1.67  ;  .880 

5.79  1  Vi 

i 

9VL-4 

A 

.500 

2.0 

.052 

.256 

13.2 

! - T - - 

1.26  .  .925  :  i.39  ;  V4 

9WI-4 

B 

.503 

2.0 

.031 

.252  :  1  J .  2 

i  Tso 

1.23  .  .935  *  4.46  !  '2^4 

9WL-4 

C 

.505 

2.0 

.052  ,  .248  ;  13.2 

- TTo - 

1.26  .930  i  4.42  i  2  4 

G>  As  Calculated  rating  Original  Q^>-Whenc’;' r  Applicable  Flaw  Growth 

Dimensions  'f  EDM  Flaw  increment  is  Added  to  EDM  Flaw 

Dimensions 


SPECIMEN 

NUMBER 


SBV-9 


9EV-10 


9BL-9 


9BL-10 


9WV-9 


9WV-9 


9WV-9 


9WV-I0 


9WV-10 


9WV-10 


9WL-9 


9WL-9 


9WL-9 


9WL-10 


9WL-10 


9WL-10 


9BV-12 


9BL-11 


9BL-12 


9WV-11 


9WV-11 


9WV-11 


9WV-12 


9WV-12 


9WV-I2 


9WL-11 


9WL-11 


9WL-11 


9WL-12 


9WL-12 


9WL-12 


.505 

1.00 

.052 

.505 

1.50 

.050 

.507 

1.00 

.054 

.506 

1.50 

.054 

.505 

1.30 

.052 

.505 

1.30 

1  .053 

.505 

1.30 

.055 

.501 

2.00 

.051 

.502 

2.00 

.052 

.502 

2.00 

.051 

.501 

1.30 

.052 

.502 

1.30 

.052 

.503 

1.30 

.056 

.501 

2.00 

.052 

.506 

2.00 

.051 

.510 

L_  _ 

2.00 

.052 

.262  32.6 


.152  20.3 


.154  20.3 


.155 


.249  13.2 


.256  13.2 


1.542 


1.244 


1.570 


1.542 


0.3 

1.620 

1  .898  | 

5.9 

C 

F2 

45 

.146  20.3 


.157  20.3 


.154  20.3 


13.2 


.256  13.2 


.262  13.2 


1.250 


1.240 


1.250 


1.624 


1.528 


1.640 


1.240 


1.234 


1.230 


G>  As  Calculated 
Dimensions  cf 


Using  Original 
EDM  Flaw 


Whenever  Applicable  Flaw  Growth 
Increment  is  Added  to  EDM  Flaw 
Dimensions 


Table  2:  2219-T851  ALUMINUM  IN  F, 

(SFB  Specimen  Data) 


SPECIMEN 

NUMBER 

TYPE 

THICK¬ 
NESS 
t  (in.) 

WIDTH 

W  (in.) 

INITIAL  FLAW 
_ SIZE _ 

0 

(ksi) 

Q 

mb 

E> 

*u 

ENVIRON¬ 

MENT 

a  (in.) 

2c  (in.! 

9BV-5 

BM 

.507 

1.00 

.053 

.157 

48.9 

1.552 

.906 

14.29 

cif5 

9BV-5 

BM 

.506 

1.50 

.055 

.262 

32.6 

1.254 

.923 

10.98 

~CTf5 

9BL-5 

BM 

.507 

1.00 

.056 

.158 

48.9 

1.615 

.895 

14.46 

c1f5 

9BL-6 

BM 

.500 

1.50 

.056 

.262 

32.6 

1.266 

.920 

10.99 

TTF“ 

1 

9WV-5 

A 

.504 

1.30 

.054 

.160 

20.3 

1.550 

.900 

6.04 

c1f5 

1 

9WV-5 

B 

.503 

1.30 

.052 

.158 

20.3 

1.520 

.910 

6.06 

cif5 

9WV-5 

C 

.504 

1.30 

.053 

.158 

20.3 

1.540 

.907 

6.05 

~CI75 

9WV-6 

A 

.501 

2.00 

.052 

.252 

13.2 

1.250 

.930 

4.44 

cif5 

9WV-6 

B 

.502 

2.00 

.053 

.256 

13.2 

1.250 

.926 

4.46 

Cif5 

9WV-6 

C 

.502 

2.00 

.052 

.252 

13.2 

1.250 

.930 

4.44 

TTP^ 

9WL-5 

A 

.502 

1.30 

.055 

.156 

20.3 

1.610 

.892 

5.93 

cif5 

9WL-5 

B 

.503 

1.30 

.054 

.157 

20.3 

1.576 

.900 

5.99 

cif5 

9WL-5 

C 

.503 

1.30 

.054 

.153 

20.3 

1.610 

.897 

5.90 

cif5 

9WL-6 

A 

.505 

2.00 

.052 

.250 

13.2 

1.252 

.930 

4.44 

C)FS 

9WL-6 

B 

.503 

2.00 

.052 

.254 

13.2 

1.250 

.931 

4.44 

cif5 

9WL-6 

C 

.500 

2.00 

.052 

.253 

13.2 

1.250 

.930 

4.44 

~ctt5 

9BV-7 

BM 

.506 

1.00 

.056 

.156 

48.9 

1.634 

.890 

14.28 

C1F5 

9BV-8 

BM 

.504 

1.50 

.056 

.264 

32.6 

1.250 

.918 

11.03 

GIF,. 

9BL-7 

BM 

.508 

1.00 

.055 

.158 

48.9 

1.592 

.908 

14.63 

cif5 

9BL-8 

BM 

.506 

1.50 

.052 

.260 

32.6 

1.230 

.932 

10.88 

c1f5 

9WV-7 

A 

.498 

1.30 

.050 

.152 

20.3 

1.520 

.920 

6.00 

cif5 

9WV-7 

B 

.498 

1.30 

.052 

.160 

20.3 

1.505 

.910 

6.09 

~cIf5 

9WV-7 

C 

.498 

1.30 

.052 

.152 

20.3 

1.570 

.909 

5.95 

C1F5 

9WV-8 

A 

.502 

2.00 

.052 

,252 

13.2 

1.250 

.920 

4.39 

~c!f5 

9WV-8 

B 

.502 

2.00 

.050 

.255 

13.2 

1.220 

.944 

4.47 

C1F5 

9WV-8 

C 

.503 

2.00 

.051 

.256 

13.2 

1.230 

.940 

4.47 

CIFj. 

9WL-7 

A 

.501 

1.30 

.052 

.150 

20.3 

1.588 

.909 

5.92 

UiK5 

9WL-7 

B 

.500 

1.30 

.052 

.155 

20.3 

1.543 

.910 

6.01 

ClF5 

9WL-7 

C 

.501 

2.00 

.052 

.148 

20.3 

1.600 

.908 

5.89 

C1P5 

9WL-8 

A 

.501 

2.00 

.052 

.250 

13.2 

1.250 

.920 

4.39 

C1F5 

9WL-8 

B 

.502 

2.00 

.053 

.252 

13.2 

1.260 

.918 

4.40 

cif5 

9WL-8 

C 

.503 

2.00 

.053 

.251 

13.2 

1.260 

.918 

4.40 

~ZW5 

0>As  Calculated  Using  uriginal  Whenever  Applicable  Flaw  Growth 

Dimensions  of  EDM  Flaw  Increment  is  Added  to  EDM  Flaw 

Dimensions 


5.1.2  2021 -T8l  Aluminum  and 

Tha  2021 -T81  aluainum  was  tested  in  only.  The  test  specimens, 
however,  consisted  of  a.c.  as  well  as  d.c.  weldments  prepared  by  the  Lockheed 
Missiles  and  Space  Company  in  their  assessments  of  potential  use  of  the  alloy 
in  space  hardware.  Configuration  of  test  speoimens  used  is  shown  in  Figures 
19  and  20  for  base  metal  and  for  a.c.  and  d.c.  weldments,  respectively.  The 
test  setup  for  the  SFB  speoimens  used  four-  rather  than  three-point  bending 
because  of  the  surface  irregularities  along  the  veld  deposit.  There  were  two 
surface  flaws  in  each  veld  speolmen  but  only  one  flaw  in  each  base  metal 
specimen.  Pertinent  specimen  dimensions  and  flaw  sizes,  together  with  calcu¬ 
lated  stress  intensity  values  and  test  conditions,  are  listed  in  TA£LE  4.  The 
test  lasted  20:25  hours.  Temperature  and  pressure  in  the  test  chamber  were 
100  psi  and  140°F. 

5.1.3  6A1-4V(ELI)  Titanium 

The  6A1-4V(ELI)  titanium  was  tested  in  environments  of  liquid  and  vapor 
phases  of  F 2  and  CIF^.  With  F2  and  6Al-4V(ELI)  titanium,  there  were  two 
pressure-temperature  combinations  in  one  test  run,  with  C 1  and  6A1^V(ELI) 
titanium,  a  total  of  five  pressure-temperature  combinations  and  a  total  of 
three  test  runs.  Furthermore,  during  the  last  test  run  of  the  titanium  with 
CIF,.,  a  set  of  DCB  specimens  was  added.  Configuration  of  the  SFB  titanium 
base  metal  specimen  is  shown  in  Figure  21  for  high-stresa  and  low-stress  levels. 
Each  base  metal  specimen  contained  one  surface  flaw.  Configurations  of  high- 
stress  and  low-stress  SFB  weldment  specime  a  are  shown  in  Figure  22.  Weld 
location  in  DCB  specimen  is  illustrated  in  Figure  29.  At  the  time  of  DCB 
specimen  fabrication  there  was  not  enough  material  left  to  place  weld  longi¬ 
tudinally  within  the  specimen.  The  F^  and  CIF^  pressurization  systems  used 
for  alumlmm  were  also  used  for  titanlia  specimens  after  proper  cleaning  and 
passivation  procedure  to  eliminate  possible  Interaction  between  oorroslon 
products  of  the  two  mate  rials. 
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5 . 1 . 3 . 1  F2  and  6A i -4V( ELI )  T1 taniua 

TABUE  5  lists  pertinent  specimen  iir'ensiona,  flaw  sizes,  and  calculated 
stress-intensity  values,  together  with  test  conditions  for  this  test  run. 
Gaseous  fluorine  was  liqu!  '’led  in  the  test  chamber,  which  was  submerged  in 
liquid  nitrogen  at  atmospheric  pressure.  Once  the  suffioient  quantity  of 
fluorine  had  been  admitted  to  each  test  chamber,  the  system  wa*.  pressurized 
to  450  psig  in  the  high-piessure  chamber  and  50  psig  in  the  lew-pressure 
chamber.  The  high-pressure  chamber  was  then  warmed  up  to  -230°F  and  held  at 
that  temperature  for  the  duration  of  the  test  run.  The  low-pressure  chamber 
was  left  at  -320°F.  Upon  conclusion  of  the  test  run,  the  specimens  were 
removed  from  the  chambers  and  examined. 

The  6a!-4V(ELI)  titanium  specimens  exposed  to  fluorine  vapors  at  450  psig 
and  -230°F  temperature  showed  marked  staining  along  the  specimen  surfaces. 
However,  titanium  specimens  submerged  in  liquid  fluorine  remained  relatively 
clean.  High-stress  specimens  were  subjected  to  low-stress  flexing  to  mark 
EDM  flaws,  then  fractured  to  expose  fracture  fuses  for  fraotographic  examin¬ 
ation.  Laboratory  examination  of  stained  specimens  failed  to  reveal  any 
corrosion  penetration  into  the  -aterial.  Lc  -stress  specimens  were  fractu^l 
’without  cyclic  marking  and  examined.  No  flaw  growth  was  detected. 

5. ’.3.2  GIF,,  and  6AI-4V(ELI)  Titanium  (First  Test  Hun) 

Pertinent  specimen  dimensions,  flaw  sizes,  and  test  conditions,  together 
with  calculated  stress-intensity  values,  are  listed  in  TAELE  6. 

The  chlorine  pentafluoride  test  run  with  6a!-4V(Q,I)  titanium  was  to  be 

conducted  like  the  2219-T851  aluminum  test  run.  The  pressure  and  temper” tune 

conditions  were  to  be  450  pai  and  140°F  in  the  high-pre*aure  chamber  and  50 
0 

psi  and  50  F  in  the  lower  chamber.  One  hour  before  completion  of  the  ■’Cu- doled 
16-hour  test  run,  the  high-pressure  chamber  suddenly  exploded,  wrecking  the 
test  setup  and  scattering  debris  over  a  .die  area.  The  rise  of  temperature 
and  pressure  as  recorded  by  the  test  instruments  was  instantaneous. 
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TBL-11 


TBL-12 


TWV-ll 


TWV-11 


TWV-ll 


TWV-12 


TWV-12 


TWV-12 


TWL-11 


TWL-11 


TWL-11 


TWL-12 


TWL-12 


TWL-12 


G>  As  Calculated 
Dimensions  of 


.035  .147 


.036  .149 


.036  .148 


125.60  1.24 


125.60  1.25 


125.60  1.25 


.148 


.149 


.140 


.034  .140 


.034  .140 


.037  .150 


.038  .149 


.038  .149 


82.60  1.36 


82.60 


128.90  1.24 


128.90  1.24 


82.60  1.37 


82.60  1.40 


82.60  1.40 


Using  Original 
EDM  Flaw 


Whenever  Applicable  Flaw  Growth 
Increment  Is  Added  to  EDM  Flaw 
Dimensions 


9 


.037 

P* 

6 

82.60 

um 

.850 

20.3 

F2 

m  ! 

3 

Table  5:  6AI-4V(EL!)  TITANIUM  IN  F? 

(SFB  Specimen  Date)  A 


CYCLIC  MARKING 

FLAM  SIZE 
AFTER  MARKING 

- - FUATTgRE'  gim - - 

.*F) 

{$r 

(in.) 

CYCLES 

(1000) 

a  (in. 

2c  (in.] 

TEMP 

a  (in.) 

2c  (in.) 

P  (lb) 

D  (in.) 

1,235 

3.0 

71 

.126 

.405 

RT 

.126 

.405 

2,800 

3.0 

- 

- 

- 

— 

- 

RT 

6,670 

3.0 

1,235 

3.0 

50 

.063 

.168 

RT 

.068 

.168 

3,220 

3.0 

- 

- 

- 

- 

- 

RT 

- 

_ 

5,680 

3.0 

1,316 

3.0 

34 

.136 

- 

RT 

.136 

- 

2,080 

3.0 

1,316 

3.0 

34 

.110 

"7326 

RT 

mo 

.320 

2,080 

3.0 

1,316 

3.0 

34 

.107 

.340 

RT 

.107 

.340 

2,080 

3.0 

- 

- 

- 

- 

- 

RT 

.037 

.143 

5,930 

3.0 

- 

- 

- 

- 

- 

RT 

.040 

.152 

5,930 

3.0 

- 

- 

- 

- 

- 

RT 

.037 

.143 

5,930 

3,0 

1,316 

3.0 

15 

.151 

- 

RT 

.151 

- 

1,790 

3.0 

1,316 

3.0 

15 

.149 

- 

RT 

.149 

1,790 

3.0 

1,316 

3.0 

15 

.096 

.310 

RT 

.096 

— 

rT,'790“ 

3.0 

- 

- 

- 

- 

- 

RT 

.035 

.134 

6,020 

3.0 

- 

- 

- 

- 

RT 

.034 

.136 

6,020 

3.0 

- 

- 

- 

- 

RT 

.035 

.134 

6,020 

3.0 

1,235 

3.0 

45 

.121 

.400 

RT 

.121 

.400 

2,540 

3.0 

- 

- 

- 

- 

RT 

.037 

.150 

5,770 

3.0 

1,124 

3.0 

40 

.056 

.160 

RT 

.056 

.160 

3,290 

3.0 

- 

- 

- 

- 

RT 

.036 

.136 

5,660 

3.0 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

1,316 

3.0 

24 

.137 

- 

RT 

.137 

1,200 

3.0 

1,3]  6 

3.0 

24 

.134 

.380 

RT 

.134 

.380 

1,200 

3.0 

1,316 

3.0 

24 

.160 

- 

RT 

.160 

- 

1,200 

3.0 

- 

- 

- 

- 

- 

RT 

- 

- 

5,935 

3.0 

- 

- 

- 

- 

- 

RT 

- 

- 

5,935 

3.0 

- 

- 

- 

- 

RT 

- 

- 

5,935  3.0 
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SPECIMEN 


TWL-2 


THICK¬ 
NESS  WIDTH 


INITIAL  FLAW 
SIZE 

a 

(ksi) 

a  (in.) 

mm 

.034 

.149 

143.00 

.039 

.150 

146.50 

.039 

.150 

97.80 

.033 

.140 

98.50 

.035 

.133 

134.00 

.034 

.142 

134.00 

.033 

.141 

134.00 

.034 

.144 

130,50 

.035 

.148 

130.50 

.040 

.153 

130.50 

.035 

.140 

83.00 

.033 

.150 

83.00 

.230 

2.0 

.036 

.139 

.230 

2.0 

.039 

.152 

3.00 


88.00 


88.00 


“b 

Kn 

D> 

.88 

38.2 

.85 

38.7 

.84 

24.9 

.90 

24.8 

.87 

34.6 

.85 

33.6 

.86 

33.2 

.85 

33.4 

.83 

33.8 

.85 

19.85 

.87 

20.45 

oo 

20.00 

.82 

20.40 

.80 

20.85 

TBL-3 


TBL-4 


TWV-3 


TWV-3 


TWV-3 


TWV-4 


TWV-4 


TWV-4 


TWL-3 


TWL-3 


TWL-3 


TWL-4 


TWL-4 


TWL-4 


[£>  As  Calculated 
Dimensions  of 


Using  Original 
EDM  Flaw 


G>  Whenever  Applicable  Flaw  Growth 
Increment  Is  Added  to  EDM  Flaw 
Dimensions 


a 


It  was  presumed  that  during  the  15-hour  teat  time,  the  material  slowly 
reaoted  with  the  CiF^,  causing  the  o racks  to  grow,  and  eventually  led  to 
fracture  of  one  of  the  pre stressed  specimen  assemblies.  Upon  fracture,  it  is 
speculated  that  the  broken  specimen  assembly  impacted  upon  adjacent  specimens 
or  the  pressure  chamber  wall  and  started  the  spontaneous  reaotion.  The  con¬ 
ditions  in  the  high-pressure  chamber  just  prior  to  the  aocident  were  450  psi 
pressure  and  146°F  temperature.  A  general  view  of  the  test  apparatus  Just 
after  the  explosion  is  shown  in  Figure  46.  A  close-up  view  of  the  test  chamber 
and  the  only  two  remaining  specimen  assemblies  from  the  high-pressure  chamber 
are  shown  in  Figures  47  and  48. 

5.1 .3.3  CIF^  and  6a1-4V(ELI)  Titanium  (Second  Test  Hun) 

The  second  test  run  involving  CIF^  and  6AI-4V(ELI)  titanium  was  conducted 
to  determine  the  conditions  that  led  to  explosion  during  the  first  test  run. 

The  requirements  for  pressure-temperature  combinations  were  set  at  450  psi 
and  146°F  for  the  high-pressure  chamber  and  200  psi  and  100°F  in  the  low- 
pressure  chamber.  The  duration  of  the  teat  run  was  to  be  limited  to  approxi¬ 
mately  6  hours.  Each  chamber  was  instrumented  for  sonic  pickup  of  noises 
that  could  indicate  specimen  fracture.  The  temperatures  selected  were  to 
duplicate  conditions  existing  in  the  high-pressure  chamber  on  one  hand  and  to 
provide  intermediate  temperature  ranges  between  50  and  146°F  in  case  the  high- 
pressure  chamber  exploded  again.  The  pressure  in  the  low-pressure  chamber  was 
raised  to  its  maximum  allowable  of  200  psi,  which  was  thought  to  provide  a 
closer  simulation  of  the  high-pressure  chamber.  Pertinent  specimen  dimensions 
and  test  data  are  summarised  in  TABLE  7. 

The  second  test  run  was  completed  as  scheduled,  but  malfunction  of  the 
heating  unit  limited  the  test  temperature  of  the  high-pressure  chamber  to  138°F, 
or  8°F  below  the  target  temperature.  There  were  no  sonic  pickups.  The 
test  run  was  terminated  after  8  hours.  Cursory  examination  of  the  specimens 
failed  to  reveal  any  signs  of  oorrosion  attack.  The  specimens  were  then  to 
be  flexed  and  fractured  for  fractographic  examination.  Failure  to  reach 
target  temperature  in  the  high-pressure  chamber  and  absence  of  superficial 


93 


re  46:  GENERAL  VIEW  OF  THE  TES1 


Figure  47:  CLOSE-UP  VIEW  OF  HIGH  PRESSURE  TEST  CHAMBER 


SPECIMEN 

NUMBER 


TBV-5 


TBV-6 


TBL-5 


TBL-6 


TWV-5 


TWV-5 


TWV-5 


TWV-6 


TWV-6 


TWV-6 


TWL-5 


TWL-5 


TWL-5 


TWL-6 


TWL-6 


TWL-6 


THICK¬ 
NESS 
t  (in.) 


a  (in.)  2c  (in.)  (kai) 


.032 


.032 


.032 


.033 


.0345 


.034 


.032 


98.50 


.142  143.00 


.144  98.50 


.142 


98.50 


98.50 


98.50 


.034 

.140 

.035 

.141 

.0-4 

.142 

98.50 


96.50 


98.50 


Q 

1.18 

.90 

1.27 

.90 

1.18 

.90 

1.31 

.89 

1.23 

.87 

1.23 

.87 

1.20 

.88 

1.23 

.87 

34.2 

1.25 

.86 

34.0 

1.22 

.87 

34.0 

TBV-7 


TBV-8 


TBL-7 


TBL-8 


TWV-7 


TWV-7 


TWV-7 


TWV-8 


TWV-8 


TWV-8 


TWL-7 


TWL-7 


TVL-7 


TVL-8 


TVL-8 


TVL-8 


As  Calculated  Using  Original 
Dimensions  of  EDM  Flaw 


,141  H43.00 


,143  98.50 


,143  93.5 


,130  124.00 


.142  0.24.00 


24.00 


II 


98.50 


93.50 


98.  j>0 


34.00 


9S.50 


henever  Applicable  Flaw 
Increment  Is  Added  to  El) 
Dimens ions 


Table  7i  6AI-4V(EU)  TITANIUM  IN  CIF5 
(SFB  Specimen  Data,  Second  Run) 


signs  of  corrosive  attaok  on  specimens  exposed  to  CIF^  during  the  seoond  test 
run  prompted  scheduling  of  another  run  of  6AJ-4V(ELI)  titanium  in  the  environ¬ 
ment  of  CIF-. 

'Ihe  third  run  was  to  be  done  in  one  chamber  only  at  450  psi  but  at  a 
temperature  of  160°  to  170°F.  Furthermore,  it  was  decided  that  ..Jdi  ion 
to  the  SFB  specimen,  a  DCB  specimen  would  be  used  to  improve  initiation  and 
detection  of  crack  extension  during  the  test  run. 

5. 1.3. 4  CIF^  and  6a!-4V(ELI)  Titanium  (Third  Test  Run) 

The  third  and  final  test  run  involving  CIF,.  and  6AI-4V(ELI)  titanium 
was  completed  using  DCB  as  well  as  SFB  specimens.  The  DCB  weld  specimens  per 
Figure  29  were  machined  from  a  remnant  of  the  weld  test  panel  previously  used 
for  fabrication  of  the  SFB  specimens.  One  of  the  specimens  was  used  to 
establish  a  compliance  curve  for  this  type  of  specimenj  the  compliance  curve 
is  shown  in  Figure  30.  Another  specimen  was  pulled  to  failure.  The  remaining 
two  specimens  were  then  used  for  the  sustained  load  test  rerun  with  CIF,.. 

The  compliance  curve  was  generated  and  the  preload  level  for  the  DCB 
specimens  was  determined  with  DCB  specimen  XAT-2.  (Pertinent  dimensions  of 
this  as  well  as  the  remaining  three  DCB  specimens  are  given  in  TAJELE  8. ) 

The  compliance  curve  was  determined  by  incrementally  increasing  the  load. 

Upon  reaching  the  1,000-pound  level,  the  loading  was  stopped  for  one  minute 
to  verify  whether  the  displacement,  as  measured  with  the  compliance  strain 
gage,  remained  stationary.  The  load  was  then  increased  to  2,000  pounds  and 
the  loading  stopped  for  another  minute.  The  displacement  was  once  again 
noted.  The  load  was  then  increased  to  3,000  pounds  and  stopped.  This  time, 
holding  the  speolmen  under  3,000  pounds  load  resulted  in  an  increase  of  dis¬ 
placement,  suggesting  gradual  crack  extension.  Increase  of  load  level  above 
3,000  pounds  oaused  rapid  crack  extension  and  fracture. 

The  preload  level  for  the  DCB  specimens  to  be  exposed  to  CIF^  was  set 
at  2,900  pounds  so  that  a  relatively  high  value  of  applied  stress  intensity 
was  generated  to  ensure  seme  orack  movement  during  the  test  run,  even  if  the 
material  did  not  exhibit  pronounced  susceptibility  to  the  corrosive  environment 
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arcuuwa 

HOffiBR 

TYPE 

NESS 
t  (in.) 

W  (in.) 

a  (in.) 

2c  (in.] 

a 

(ksi) 

Q 

“b 

It* 

ENVIRON¬ 

MENT 

PRESSU 

(psig 

TBV-l 

BM 

.255 

1.00 

.034 

.149 

143.00 

1.19 

.88 

38.2 

450 

TBL-1 

BM 

.253 

1.00 

.039 

.150 

146.50 

1.28 

.85 

33.7 

ClFr 

450 

TBV-2 

BM 

.252 

1.50 

.039 

.150 

97.80 

1.40 

.84 

24.9 

450 

TBL-2 

BM 

.255 

1.50 

.033 

.140 

98.50 

1.32 

.90 

24.8 

ClFr 

450 

TWV-1 

A 

.234 

1.30 

.035 

.133 

134.00 

1.30 

.85 

33.2 

cif5 

450 

TWV-1 

B 

.234 

1.30 

.034 

.142 

134.00 

1.22 

.87 

34.6 

.cif5_ 

450 

TWV-1 

C 

.234 

1.30 

.033 

.141 

134.00 

1.20 

.85 

33.6 

C1F5 

450 

TWL-1 

A 

.237 

1.30 

.034 

.144 

130.50 

1.21 

.86 

33.2 

ClFt- 

450 

TWL-1 

B 

.23? 

1.30 

.035 

.148 

130.50 

1.21 

.85 

33.4 

C1F, 
a _ 

450 

TWL-1 

C 

.237 

1.30 

.040 

.153 

130.50 

1.29 

.83 

■  ; 

33.8 

C1F,. 

450 

TWV-2 

A 

.235 

2.00 

.035 

.140 

83.00 

1.38 

.85 

19.85 

I-C1FS_ 

450 

TWV-2 

B 

.235 

2.00 

.033 

.150 

83.00 

1.29 

.87 

20.45 

C1F- 
> — 

450 

TWV-2 

C 

.235 

2.00 

.035 

.142 

83.00 

1.37 

.85 

20.00 

C1F,. 

450 

TWL-2 

A 

.228 

2.00 

.036 

.139 

88.00 

1.40 

_ — | 

.82 

20.40 

_cif5_ 

450 

TWL-2 

B 

.228 

2.00 

.039 

.152 

88.00 

1.39 

.80 

20.85 

ClF,. 

450 

TWL-2 

C 

.228 

2.00 

- 

88.00 

- 

- 

i 

1 _ 

ClFc 

450 

E>  As  Calculated  Using  Original 
Dimensions  of  EDM  Flaw 


Whenever  Applicable  Flaw  Growth 
Increment  Is  Added  to  EDM  Flaw 


Dimensions 


Table  8:  6AMV(EL!)  TITANIUM  IN  C I F5 
fSFB  Specimen  Data,  Third  Run) 


being  evaluated.  The  indication  of  the  threshold  value  would  not  be  Jeopardized 
by  the  high  preload  level  because  stress  intensity  level  in  DCB  specimens 
decreases  as  the  crack  length  increases.  The  preload  level  for  the  SFB  specimens 
was  the  same  as  in  previous  test  runs.  Thera  were  no  new  SFB  specimens  avail¬ 
able  for  this  run,  so  it  was  decided  to  use  the  SFB  specimens  previously  used 
for  the  CIF^  rerun  of  8  hours  at  100°F  and  200  psi  in  the  environment  of  CIF^ 
in  the  low-pressure  chamber.  Pertinent  dimensions  and  flaw  sizes  of  the  SFB 
specimen,  together  with  calculated  K  values,  are  shown  in  TAJELE  9. 

The  actual  rerun  thus  Involved  6Ai-4V(ELl)  titanium  SFB  aB  well  as  DCB 
specimens.  The  temperature  requirement  was  set  at  160°  to  170°F,  pressure  at 
450  psi.  Both  conditions  were  met  with  no  trouble}  however,  one  hour  after 
test  conditions  were  reached,  one  valve  in  the  CtF^  pressurization  system 
sprang  a  leak.  The  remaining  30  minutes  of  the  exposure  time  were  actually 
above  the  boiling  point  of  the  ClF^  because  pressure  could  not  be  maintained. 

To  a  considerable  dismay  of  test  personnel,  the  test  rerun  was  stopped  at  the 
end  of  two  hours.  Actually,  premature  termination  of  the  test  run  may  very 
well  have  averted  another  explosion  of  the  test  site,  because  all  high-stress 
SFB  specimens  in  6a1-4V(ELI)  titanium  weldments  and  base  metal  exposed  to  the 
liquid  phase  of  CIF,.  and  both  DCB  specimens  (one  in  liquid  and  one  in  vapor) 
showed  considerable  crack  growth.  Fracture  of  any  one  of  the  SFB  specimens 
could  have  led  to  conditions  which,  it  is  suspected,  were  the  cause  of  thr 
explosion  in  the  original  teat  run. 

The  extent  of  crack  extension  in  SFB  specimens  exposed  to  the  liquid 
phase  of  CiF*.  is  shown  in  Figure  49.  Similar  specimens  (Figure  50)  exposed 
to  the  vapor  phase  of  CIF^  showed  no  signs  of  crack  extension.  It  may  be 
noted  that  in  the  specimen  subjected  to  the  liquid  phase,  the  crack  extension 
increased  in  depth  without  significant  increase  in  length  at  the  surface. 

The  increase  of  crack  depth  brought  about  a  reduction  of  K  values  due  to 
inorease  of  the  flaw  shape  parameter  Q  as  the  a/2c  ratio  was  increasing. 

Further  reduction  of  K  was  caused  by  the  lowering  of  tensile  bend  stresses 
at  the  tip  of  the  crack  ae  it  grew  deeper. 
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SPECIMEN  TBL-1 
BASE  METAL 


SPECIMEN  TWL-1 
WaDMENT 


Figure  49:  SUSTAINED  FLAW  GROWrH  IN  6AI-4V  (ELI) 
TITANIUM  IN  LIQUID  CIF5 
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SPECIMEN  TWV-1 


Figure  50:  ABSENCE  OF  SUSTAINED  FLAW  GROWTH  IN  6AI-4V 
(ELI)  TITANIUM  IN  VAPOR  CIF5 
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1 


Table  9:  6AMV(ELI)  TITANIUM  IN  CIF5 
(DCB  Specimen  Dota,  Third  Run! 


By  the  time  the  third  run  of  C!F^  6AI-4V(ELI)  titanium  was  completed,  the 
test  specimens  used  in  the  second  test  run  at  450  psi  and  138°F  temperature 
were  cycled  and  fractured.  Both  high-stres3  weldment  specimens  (one  exposed 
to  vapor,  the  other  to  the  liquid  phase  of  GfF^)  showed  signs  of  crack  exten¬ 
sion  in  depth.  Fractcgraphs  of  both  specimens  are  shown  in  Figure  51 . 

5.2  Phase  II  —  Fracture  Toughness  Test 

Experimental  data  generated  during  this  portion  of  the  program  consists 
of  mechanical  properties  test  data,  static  fracture  toughness  and  flaw  growth 
data  generated  under  cyclic  and  sustained  loading  conditions. 

Typical  makeup  of  the  sustained  flaw  growth  tables  includes  nine  major  head¬ 
ings  beginning  with  the  column  for  specimen  number  and  concluding  with  the 
column  on  test  condition  at  fracture.  The  second  column  from  the  left  shows 
specimen  size  in  terms  of  specimen  thickness  in  inches  and  its  width  in  the 
test  gage  section.  The  information  on  cyclic  extension  of  the  EDM  flaw  and 
flaw  size  before  the  test  run  is  given  under  the  third  and  fourth  headings. 

Sustained  test  data  is  listed  in  the  fifth  column.  Under  this  heading, 
together  with  the  indication  of  test  temperature,  maximum  stress  across  the 
specimen  test  gage  area  and  time  under  sustained  load,  while  in  the  environ¬ 
mental  media  being  evaluated.  There  are  three  sets  of  applied  stress  inten¬ 
sity  values  calculated  using  initial  flaw  size  in  the  fourth  column  and 
applied  max  stress  shown  in  the  fifth  column.  The  three  sets  of  stress 
intensity  values  are  calculated  using  Irvin's  Equation  2,  Kobayashi's  Equation 
3,  and  Snith's  Bquation  6.  Symbolically,  the  values  are  denoted  by  and 
represent  the  initial  stress  intensity  applied  to  the  specimens  at  the 
beginning  of  the  sustained  test  run. 

Under  flaw-size-after-the-test-run  heading,  there  are  once  again  three 
stress  intensity  values  calculated  for  each  specimen  at  the  end  of  the  sus¬ 
tained  test  run.  Stress  intensities  are  designated  by  symbols  where  K 
is  the  stress  intensity  calculated  using  Equations  2,  3,  and  6,  and  subscript 
If  depicts  plane  strain  condition  at  the  end  of  the  sustained  test  run.  Stress 
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SPECIMEN  TWV-7 


SPECIMEN  TWL-7 


Figure  SI:  INITIATION  OF  THE  SUSTAINED  FLAW  GROWTH  IN 
6AI-4V  (ELI)  TITANIUM  IN  CIF5 


level  used  In  calculations  is  the  same  as  applied  during  sustained  load  test  run 
but  the  flaw  sizes  inolude  any  incremental  flaw  growth  that  may  have  occurred 
during  sustained  test  run.  Direction  of  the  maximum  flaw  growth  (in  degrees) 
is  the  included  angle  between  semiminor  axis  of  the  ellipse  and  the  direction 
of  maximum  flaw  growth  at  some  point  on  flaw  periphery.  Flaw  increment  along 
the  direction  of  maximum  flaw  growth  is  measured  at  a  point  corresponding  to 
maximum  flaw  increment  but  perpendicular  to  the  fl  >.v  curvature  at  that  point. 

The  next  two  columns  contain  data  on  cyclic  flaw  marking  in  terms  of 
temperature,  maximum  stress,  and  number  of  cyoles  and  flaw  size  after  cyclic 
marking.  Flaw  depth  and  flaw  length  are  measured  directly  from  fractographs 
or  via  wide  field  microsoope.  The  flaw  size  (a/Q)  is  calculated  on  the  basis 
of  direct  measurements  of  flaw  depth  and  Q  value  read  from  Figure  1  for  a 
coreaponding  a/2c  and  fracture  stress  value.  F'racture  stross  together  with 
the  teat  temperature  and  the  calculated  stress  intensity  values  are  listed  in 
the  remaining  columns. 

5.2.1  2219-T851  Aluminum  As-Welded  Weldments 

Mechanical  properties  of  the  2219-T351  aluminum  as-welded  weldments  are 

listed  in  TAILE  10.  Three  tensile  specimens  were  pulled  to  failure  at  each 

of  the  following  teat  temperatures s  room  temperature,  +140°F,  -230°F,  and 

-320°F**«  The  -320°F  test  data  was  obtained  while  specimens  were  completely 

submerged  in  liquid  nitrogen.  The  -230°F  test  data  was  obtained  by  cooling 

specimens  with  cold  nitrogen  gas  out  of  the  liquid  nitrogen  bottle.  The 

+140°F  teats  were  conducted  by  heating  test  specimens  with  electrically 

heated  air.  Ultimate  strength  (  o  and  yield  strength  (  o  )  data  is 

UJ.  w  ys 

plotted  in  Figure  52  as  a  function  of  test  temperature.  The  solid  lines 
drawn  in  Figure  52  for  0^  and  a^g  values  correspond  to  the  average  data 
points  for  each  test  temperature.  Tensile  specimens  were  machined  in  a  manner 
that  weldments  were  oriented  transversely  with  respect  to  the  longitudinal 
axis  of  the  specimens. 
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Figure  52:  MECHANICAL  PROPERTIES  OF  2219-T851  ALUMINUM 
AS-WELDED  WELDMENTS 


113 


Static  fracture  toughness  data  for  the  2219-T851  aluminum  weldments  at 
different  test  temperatures  is  listed  in  TA3J5  11.  Specimens  AW-1,  -2,  and 
-3  were  pulled  to  failure  at  room  temperature.  Of  the  three  specimens  tested 
at  roam  temperature,  specimens  AW-2  and  -3  fractured  at  a  stress  level  above 
the  uniaxial  yield  strength.  Specimen  AW-22  and  AW-24  were  pulled  to  failure 
at  +140°F.  Both  specimens  fraetured  at  stress  level  in  excess  of  uniaxial 
yield  strength.  Specimen  AW-23  was  pulled  to  failure  at  -32Q°F  and  also 
exceeded  its  uniaxial  yield  strength.  Static  fracture  toughness  data,  as 
calculated  using  Irwin's  equation,  is  plotted  in  Figure  53  as  a  function  of 
test  temperature. 

Fracture  toughness  data  generated  at  roam  temperature  has  been  augmented 
by  the  end-point  data  obtained  upon  conclusion  of  the  sustained  load  testing. 
The  plot  of  such  data  points  together  with  static  test  data  points  at  room 
temperature  is  shown  in  Figure  54  as  a  function  of  depth-to-thickness  ratio. 
On  the  basis  of  the  obtained  data  it  was  decided  to  use  28.0,  29.0,  and 
33.0  kai  /In  stress  intensity  values  for  140°F,  room  temperature,  and  ~320°F, 
respectively,  as  representative  values  of  the  material  fracture  toughness. 

5. 2. 1.1  and  2219-T851  Aluminun 

The  sustained  flaw  growth  data  for  2219-T851  aluminum  in  the  environment 
of  liquid  nitrogen  tetroxide  (N20^)  at  155°F  and  under  100  psig  pressure  is 
summarized  in  TABLE  12.  Of  the  five  specimens  tested  (specimens  AW-4  through 
-ft),  one  specimen  broke  upon  loading  (AW-8),  the  other  fou»*  were  subjected  to 
sustained  test  runs  from  6.0  to  11.5  hours  duration.  The  applied  stress 
levels  varied  from  60  percent  of  the  uniaxial  yield  strength  to  99  percent. 
Test  specimen  AW-4  with  the  lowest  stress  level  of  17.0  ksi  which  corresponds 
to  value  of  15.9  ksi  J  in,  showed  no  signs  of  llaw  growth.  The  remaining 
specimens  (AW-5,  -6,  and  -7)  had  flaw  growth  as  seen  in  Figure  55  showing 
fractographs  of  the  tested  specimens. 

The  sustained  flaw  growth  data  is  plotted  in  Figure  56  in  terns  of 
applied  stress  intensity  in  kti  v/Tn  versus  time  under  load  in  hours. 

The  numbers  next  to  data  points  indicate  total  flaw  growth  increment  in  the 
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STATIC  FRACTURE  TOUGHNESS  DATA  FOR  2219-T851  ALUMINUM 
AS-WELDED  WELDMENT 


o 


\ 
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Figure  54:  STATIC  FRACTURE  TOUGHNESS  FOR  2219-T851  ALUMINUM 
AS-WELDED  WELDMENTS 


Specimen  AW-8 

Figure  S5  ;  FRACTOGRAPHS  OF  2219-T851  ALUMINUM  AS-WELDED  WELDMENT 
SPECIMENS  (Sustained  Test  In  N^l 


SUSTAINED  FLAW  GROWTH  DATA  FOR  2219-T851  ALUMINUM 
AS-WELDED  WELDMENTS  (N2O4  @  155  °F  And  100  Pslg) 
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TABLE  11*  STATIC  FRACTURE  TOUGHNESS  DATA 
2219-T851  ALUMINUM  AS-WELDED 
WELDMENTS 
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Table  12:  SUSTAINED  FLAW  GROWTH  DATA  2219-T851 

ALUMINUM  WELDMENT  IN  THE  ENVIRONMENT 
OF  N204  AT  155°F  AND  100  PSIG  PRESSURE 


direction  of  maximum  flaw  extension  in  thousandths  of  an  inoh.  The  solid  line 
was  visually  fitted  to  separate  data  points  with  flaw  growth  from  those  having 
no  flaw  growth.  On  the  ordinate  the  lines  intersect  a  point  corresponding 
to  28.0  ksi  /Tn. vhioh  designated  earlier  as  the  fracture  toughness  value 
for  the  material  at  +I40°F.  The  threshold  value  then  becomes  equal  to  18.0 
ksi  /In. 

Cyclic  flaw  growth  data  for  2219-T851  aluminum  as-welded  weldment  in  the 
environment  of  1^0^  at  155°F  and  100  psig  pressure  is  summarized  in  TAELE  13. 
There  were  two  specimens  tested.  Specimen  AW-9  was  cycled  at  a  gross  stress 
level  of  21.8  ksi  maximum  and  0.4  ksi  minimum.  Specimen  AW-10  was  cycled  at 
25.3  ksi  maximum  stress  level  and  the  same  minimum  stress  of  0.4  ksi.  Surface 
flaws  in  both  specimens  increased  in  size  (grew)  under  oyolic  loading.  The 
growth,  as  seen  from  Figure  57,  was  more  pronounced  in  the  direction  of  65 
to  75  degrees  from  the  minor  axis  of  the  surface  flaw.  Cyclic  data  is  plotted 
in  Figure  58  in  terms  of  applied  stress  intensity  (IL^)  versus  flaw  growth 
rate  A(a/Q)/  AN  in  micro-inches  per  eyele.  Superimposed  on  the  plot  are 
threshold  stress  intensity  level  (K^)  of  18.0  ksi  /In.  as  well  as  fracture 
toughness  value  for  the  material  of  28.0  ksi  /In. 

5. 2. 1.2  F2  and  2219-T851  Aluminum 

The  sustained  flaw  growth  data  for  2219-T851  aluminum  in  the  environment 
of  liquid  fluorine  (F^)  at  -320°F  and  under  450  psig  pressure  is  summarized  in 
TAELE  14.  Of  the  five  specimens  tested  (specimens  AW-11  through  -15)  specimen 
AW-13  was  subjected  to  two  consecutive  test  runs  of  5.0  and  1.7  hours,  respec¬ 
tively.  The  first  run  of  5.0  hours  was  done  at  18.0  ksi  stress  level.  The 
second  test  run  was  done  at  25.0  ksi.  The  remaining  specimens  were  subjected 
to  one  test  run  each  at  stress  level  ranging  between  18.4  and  27.6  ksi-  The 
resultant  applied  stress  intensity  levels  ranged  between  16.7  and  25.5  ksi  /In. 
Figure  59  shows  fraotographs  of  test  specimens  listed  in  TABLE  14. 

The  datr.  is  plotted  in  Figure  60  in  terms  of  applied  stress  intensity 
in  ksi  /  in  versus  time  under  load  in  hours.  The  numbers  next  to  data  points 
indioate  the  amount  of  flaw  growth  in  thousandths  of  an  inch.  A  solid  line  is 
drawn  visually  to  separate  data  points  with  fle.v  growth  from  those  shoving 
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Specimen  AW -9 


Specimen  AW-10 


Figure  57 :  FRACTOGRAPHS  OF  2219-T851  ALUMINUM  AS-WELDED 
WELDMENT  SPECIMENS  (Cyclic  Test  In  N^) 


Figure  58:  CYCLIC  FLAW  GROWTH  DATA  FOR  2219-T851  ALUMINUM  AS-WELDED 
WELDMENTS  (  N2O4  §  155  °F  And  100  Psig  I 


Specimen  AW-15 

FRACTOGRAPHS  OF  2219-T851  ALUMINUM  AS-WELDED  WELDMENT 
SPECIMENS  (Sustained  Test  In  F2  @  -320  °F  And  450  Pslg) 


imuKtuutMUMinm 


Figure  60  :  SUSTAINED  FLAW  GROWTH  DATA  FOR  2219-T851  ALUMINUM 
AS-WELDED  WELDMENTS  <F2  @  -320  °F  And  450  Pslg) 
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Table  13:  CYCLIC  FLAW  GROWTH  DATA  2219-T851 

ALUMINUM  WELDMENT  IN  THE  ENVIRON¬ 
MENT  OF  N204  AT  155°F  AND  100  PSIG  PRESSURE 
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Table  14:  SUSTAINED  FLAW  GROWTH  DATA  2219-T851 


ALUMINUM  WELDMENT  IN  THE  ENVIRON¬ 
MENT  OF  F2,  AT  -320°F  AND  450  PSIG  PRESSURE 
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no  flaw  growth  and  alio  to  intersect  the  ordinate  at  a  point  corresponding 
to  33.0  ksl  /in. —  apparent  fracture  toughness  of  the  material*  The  sustained 
load  threshold  stress  Intensity  level  (K^)  la  set  at  15.5  ksl  7 In. 

Because  of  the  problems  associated  with  containing  pressurised  liquid 
fluorine,  no  attempts  were  made  to  generate  oyolic  flaw  growth  data  In  that 
enviroment.  Under  cyclic  load  the  seal  Inevitably  would  spring  a  leak  In  a 
very  short  time,  which  In  turn  could  easily  have  resulted  In  loss  of  specimens 
and  destruction  of  the  tea1:  apparatus.  In  place  of  cyclic  testing,  extra 
specimens  were  tested  under  sustained  loading  in  and  ?2, 

5. 2. 1.3  C1F5  and  2219-T851  Alminm 

The  sustained  flaw  growth  data  for  2219-T851  aluminum  in  the  enviroment 
of  liquid  chlorine  pentafluoride  (Cl  F^)  at  145°F  and  under  450  psig  pressure 
is  sumnarixed  in  TAILS  15.  There  was  a  total  of  four  specimens  tested 
(specimens  AW-16  through  -19).  Specimens  were  subjected  to  sustained  test 
run  from  12.7  to  44.4  hours  duration,  then  cyclically  marked  and  pulled  to 
failure  at  roam  temperature.  Fraetographs  of  specimens  AW-16  through  -19 
are  shown  in  Figure  61  together  with  cyclically  tested  specimens  AW- 20  and 
AW-21 . 


Sustained  flaw  growth  data  for  2219-T851  as-welded  alminm  In  the 
enviroment  of  Cl F^  Is  plotted  in  Figure  62  in  terns  of  applied  stress  in¬ 
tensity  (Kj. )  versus  time  under  load  in  hours.  The  numbers  next  to  data 
points  with  arrows  Indicate  total  flaw  growth  increment  in  thousandths  of 
an  lnoh.  The  sustained  threshold  stress  intensity  is  set  at  18.0  ksl  /in. 

Cyclic  flaw  growth  data  is  summarised  in  TAILS  16  and  is  plotted  in 
Figure  63.  The  applied  stress  intensities  were  above  the  threshold  stress 
intensity  level  of  18,0  ksl  /  in.  Tests  were  conducted  from  2  to  3  cycles  per 
minute  under  sinusoidal  loading  profile.  Calculated  rates  were  established 
by  dividing  total  flaw  grwth  increment  (a/Q)  by  the  nmber  of  cycles. 
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Specimen  AW-21 

FRACTOSRAPHS  OF  2219-T851  ALUMINUM  AS-WELDED  WELDMENT 
SPECIMENS  (Sustained  Test  In  CIF5  @  155  °F  And  450  Pslg) 
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CYCLIC  FLAW  GROWTH  DATA  FOR  2219-T87  ALUMINUM  AS-WELDED 
WELDMENTS  (  CIF5  @  145  °F  And  450  Pslg  ) 


SPECIMEN  NUMBER 
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Table  15: 


FLAW  SIZE  AFTER 
CYCLIC  MARKING 


SUSTAINED  FLAW  GROWTH  DATA  2219-T851 
ALUMINUM  WELDMENT  IN  THE  ENVIRON¬ 
MENT  OF  CIF5  AT  145°F  AND  450  PSIG  PRESSURE 
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SPECIMEN  NUMBER 


Table  16:  CYCLIC  FLAW  GROWTH  DATA  2219-T851 


ALUMINUM  WELDMENT  IN  THE  ENVIRON¬ 
MENT  OF  CIF5  145°F,  AND  450  PSIG  PRESSURE 
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5.2.2  2021 -T81  Aluminum 


Testing  of  the  2021 -T81  aluminum  base  metal  as  well  as  heat  treated  weld¬ 
ments  was  done  in  the  N?0^  environment.  Yield  strength  of  the  heat  treated 
weldments  was  reported  by  the  supplier  of  weld  panels  to  be  31.0  ksi  for 
repaired  weldments  and  40.3  ksi  for  heat  treated  weldments.  Yield  strength 
of  the  2021-T81  base  metal  was  reported  to  be  65.0  ksi.  These  values  were 
used  in  calculating  stress  intensities  for  static  as  well  as  sustained  load 
test  specimens. 

5. 2. 2.1  N^0^  and  2021 -T81  Aluminum  (Base  Metal) 

Static  as  well  as  sustained  load  test  data  is  summarized  in  TABLE  17. 
Specimens  SA-1 ,  -5,  -6,  and  -7  were  pulled  to  failure  at  room  temperature 
in  ambient  air.  Specimen  SA-6  was  pulled  to  failure  at  room  temperature 
after  additional  extension  of  the  initial  flaw  at  -320°F.  This  was  done  in 
an  effort  to  prevent  delamination  during  static  tests.  Specimen  SA-11  was 
pulled  to  failure  in  the  environment  of  pressurized  N^O^  at  135°F  test 
temperature.  Fractographs  of  the  static  teat  specimens  are  shown  in  Figures 
64  and  65. 

Static  fracture  toughness  data  points  together  with  the  end  points  of 
the  sustained  load  test  specimens  are  plotted  in  Figure  66  in  terms  of 
apparent  K^c  versus  flaw-depth-to-specimen  thickness  ratio  a/t.  From  the 
plot  of  the  data  it  is  concluded  that  fracture  toughness  of  the  2021 -T81 
aluminum  base  metal  may  be  taken  to  be  32.5  ksi  /in. 

Fractographs  of  the  sustained  load  test  specimens  are  shown  in  Figures  67 

and  68.  The  sustained  flaw  growth  for  2021 -T8l  aluminum  in  the  environment 

of  N  0  at  145°F  and  100  psig  pressure  is  plotted  in  Figure  69.  The  plot  is 
2  4 

made  in  terms  of  applied  stress  intensity  values  (K^)  versus  time  under 
sustained  load  in  hours.  The  threshold  stress  intensity  is  established  by 
visually  drawing  a  curve  that  would  place  test  data  points  with  flaw  growth 
above  the  line.  All  specimens  tested  did  show  some  flaw  growth.  Test  specimens 
SA-3,  -4,  and  -10  had  only  three  to  four  thousandths  of  an  inch  flaw  growth. 
Placing  of  the  curve  below  these  two  points  was  motivated  by  the  fact  that 
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FRACTOGRAPHS  OF  2021 -T81  ALUMINUM  BASE  METAL 
(Static  Test,  Polarized  Light  Illumination) 


1 


STATIC  FRACTURE  TOUGHNESS  DATA  FOR  2021-T81  ALUMINUM 
BASE  METAL 


-4  Specimen  SA-10 

FRACTOGRAPHS  OF  2021-T81  ALUMINUM  BASE  METAL 
(Sustained  Test,  White  Light  Illumination) 
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gure  69  :  SUSTAINED  FLAW  GROWTH  DATA  FOR  2021-T81  ALUMINUM 
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Table  17:  SUSTAINED  FLAW  GROWTH  DATA 
2021 -T81  ALUMINUM  BASE  METAL 
IN  THE  ENVIRONMENT  OF  N-O,* 
AT  155°F  AND  100  PSIG  PRESSURE 
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the  specimen  with  longer  hold  time  (SA-10)  did  have  somewhat  larger  flaw 
extension  as  compared  to  specimen  SA-4.  Both  specimens  were  subjected  to 
identical  stress  intensity  values  of  11.7  kal  /in.  The  threshold  stress 
..ntensity  for  2021 -T81  alumiman  and  NgO^  at  145°F  and  100  psig  is  taken 

to  be  at  10.0  ksi  /in, level. 

5. 2. 2. 2  N20^  and  2021 -T8i  Aluminum  Weldment 

Static  as  well  as  sustained  load  flaw  growth  data  for  2021  -T&  aluminum 

weldments  in  the  environment  of  at  155°F  and  100  psig  pressure  is 
summarized  in  TABLE  18.  There  were  three  different  panels  used  for  fabri¬ 
cation  of  these  specimens.  Panels  A  and  B  represent  repaired,  then  heat- 
treated  weldments  of  2021  aluminum.  Panel  AW  represents  welded,  then  heat- 
treateo.  2021  aluminum  weldments.  Code  number  of  each  specimen  reflects  its 
origin  (panels  A,  B,  and  AW)  as  well  as  approximate  location  within  the  panel. 

Of  the  14  specimens  tested,  three  specimens  (Al-3,  A1-4,  and  A2-3) 
broke  upon  loading  in  the  environment  of  heated  and  pressurized  No0  . 

Specimens  A2-4,  B1-3,  A2-1,  B1-1,  and  Al-2  were  subjected  to  sustained  load 
test  run,  then  cyclically  marked  and  either  pulled  to  failure  or  fractured 
durin?  cyclic  marking.  Specimens  B1-4,  A2-2,  B1-2,  AW1-1,  and  AW1-3  were 
pulled  t-j  failure  at  roan  temperature  to  obtain  static  fracture  toughness 
for  the  material.  Specimen  AW1-4  was  subjected  to  sustained  test  run  of  11.6 
hours,  then  sent  to  Alcoa  for  further  analysis. 

Static  fracture  toughness  data  for  2021 -TfiH  aluminum  weldments  as  well 
as  end  points  from  the  sustained  load  test  specimens  are  plotted  in  Figure  70. 
The  data  is  plotted  in  terns  of  fracture  toughness  K^c  versus  flaw-depth-to- 
specimen-thickness  (a/t)  ratio.  The  plot  contains  data  points  obtained  by 
pulling  specimen  to  failure  at  roan  temperature  in  ambient  air  as  well  as 
specimens  that  fracture  upon  application  of  load  in  the  environment  of  heated 
NjO^.  All  end  points  of  the  sustained  test  specimens  are  also  included. 
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IT  Jr 

U.  U.  CM 


Bl-1  .231  2.998  RT 


Al-2  .231  2.997  RT 


B1  — 4  .  230  2.999  RT 


A2-2  .  226  2.998  RT 


14.0  12.0  .175 


16.0  45.0  .064 


.737  .128 


.220  .  045 


Bl-2  .  233  3.000  RT 


.223  3.002  RT 


AW1-3  .  226  3.000  RT 


AW1-4  -224  2.998  RT 


14.0  32.0  .109 


14.0  12.0  .168 


14.0  20.0  .177 


26.5  40.0  .081 


14.0  35.0  .110 


14.0  35.0 


.455  .088 


.730  .136 


.735  .141 


.230  .050 


.460  .  085 


SUSTAINED  TEST  RUN 


e  z 
§  * 


V.  I  e 


1  *  l*\%  * 

~  -§ 


233 

2.999 

RT 

14.0 

38.0 

.110 

.460 

.081 

155 

17.9 

232 

2.998 

RT 

14.0 

33.0 

.105 

.461 

.082 

155 

23.7 

,231 

2.998 

RT 

14.0 

35.0 

.110 

.451 

.085 

151 

26.3 

.229 

2.997 

RT 

14.0 

20.0 

.100 

.460 

.083 

153 

26.8 

,227 

2.998 

RT 

14.0 

10.0 

.168 

.745 

.132 

154 

23.3 

,222 

2.998 

RT 

14.2 

30.0 

.112 

.467 

.082 

155 

17.8 

9.9 

11.2 

— i 

11.2 

.11 

13.3 

14.8 

15.1 

.18 

1.1  1.6 


17.8  7.2 


2.8 


154  17.8  10.1 


155  17.8 


RT 


9.9  11.5  11.5  .11 


154  16.7  16.3  11.7  16.4 


26.1  12.5  10.8  11.2  10.8  .0* 


T>  FLAW  GREW  THROUGH  THE  THICKNESS 

2>  BROKE  UPON  LOADING 

3>  SAME  SIZE  AS  AW  1-3 

SPECIMEN  SENT  TO  CAPT.  MERRIL 
FOR  ANALYSIS 
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Ic  *5 

5L  * 

Mn 

E 

00 
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* 

11.2 

11.2 

14.8 

15.1 

FLAW  SIZE  AFTER 
THE  TEST  RUN 


CYCLIC  FLAW 
MARKING 


FLAW  SIZE  AFTER 
CYCLIC  MARKING 


—  _  u 

U_  D  LL.  <N 


*-  , — .  a)  « 

II  si 
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II  ii 

*  2  c  < 


£  ' — '  ^  4>  O  2t  2  M 
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ii  i  s  r 


11.2 

11.2 

RT 

18.0 

14.8 

15.1 

RT 

18.0 

Pi 

®  g 

Size 

(Inches 

i  " 

60 

J5  o 
JZ  <n 

=  > 

.522 

.113 

.840 

.161 

11.5 

11.5 

.117 

.467 

.084 

BS 

.005 

10.0 

11.8 

16.4 

- 

.175 

.737 

.128 

EH 

.000 

11.7 

16.4 

11.2 
- — i 

10.3 

.063 

.230 

.045 

0.0 

.000 

10.8 

11.22 

RT 

15.5 

RT 

14.3 

.683 

.140 

R' 

.857 

.165 

R' 

.230 

.048 

R' 

Table  18:  SUSTAINED  FLAW  GROWTH  DATA 
2021 -T81  ALUMINUM  WELDMENT 
IN  THE  ENVIRONMENT  OF  N204 
AT  155°F  AND  100  PSIG  PRESSURE 


TEST  CONDITION 
AT  FRACTURE 


Flaw  Length 

2c  (Inches) 

Flaw  Size 
a/Q  (Inches) 

Fracture  Stress 
(Ksl) 

_u 

u  -**  — 

--Si'S 

_•»  Jk  M 

c  *5  §  * 

*5  £  i 

JE  * 

.522 

.113 

30.3 

19.9  28.1 

.840 

.161 

22.7 

17.8  28.5 

.451 

.085 

26.3 

15.0  16.9 

.460 

.083 

26.8 

15.0  16.6 

.745 

.132 

23.3 

16.5  22.8 

.210 

.683 

.140 

26.2 

19.1 

30.3 

IS 

.857 

.165 

24.8 

19.7 

31.5 

.070 

.230 

.048 

42.7 

18.3 

19.1 

.109 

.455 

.088 

29.7 

17.2 

19.4 

.168 

.730 

.136 

27.7 

19.9 

27.7 

.177 

.735 

.141 

29.8 

20.8 

29.4 

.081 

.230 

.050 

3d. 9 

17.0 

18.1 

.110 

.460 

.085 

32.5 

18.5 

21.0 

All  fractured  2021 -T81  veld  metal  apeclmena  were  sectioned  and  etched 

in  the  manner  to  provide  some  insight  on  the  micro structural  composition  of 
the  veldments  as  veil  as  location  and  propagation  path  of  the  surface  flavs. 
Figures  71  through  77  ahov  such  iracto graphs  together  vlth  cross  sectional 
vlev  of  each  specimen.  Considering  location  of  the  propagating  crack  path 
vlth  respect  to  veld  fusion  zone,  it  may  be  deduced  that  of  the  13  specimens 
tested,  only  the  A 1—3,  A I —4,  B1-4,  and  AVfl-1  could  be  considered  as  reflecting 
properties  of  veld  fusion  zone.  Calculated  fracture  toughness  values  for 
these  specimens  are  15.0,  15.0,  17.2,  and  17.0  ksi  /Tn.  respectively. 

Specimens  A1-3,  and  A1-4  were  tested  at  145°F.  The  average  value  of  these 
tvo  specimens  is  15.0  ksi  /Tn.  and  is  taken  to  represent  fracture  toughness 
of  2021-T81  veldment  fusion  zone  at  145°F.  Specimens  B1-4  and  AW1-1  vere 
tested  in  ambient  air.  Their  average  Ki  value  is  17.1  kBi  /  in. and  is  taken 

Ci 

to  represent  facture  toughness  of  2021-T81  aluminum  fusion  zone  area  at 
room  temperature. 

Sustained  flav  growth  data  for  2021-TCl  aluminum  veldments  is  plotted 
in  Figure  78  in  terms  of  applied  stress  intensity  Kj^  versus  time  under  load 
in  hours.  The  threshold  stress  intensity  level  is  set  at  9.0  ksi  /In. by 
drawing  a  curve  to  separate  data  points  reflecting  flav  growth  from  those 
that  shov  no  flav  growth.  On  the  ordinate  the  curve  passes  through  a  point 
for  Kji  equal  to  15.0  ksi  /  in. which  is  the  assumed  fracture  toughness  for 
the  material. 

5.2.3  6A1-4V(ELI)  Titanium 

Tvo  material-propellant  combinations  vere  evaluated  for  6A1 — 4V ( ELI ) 
titanium.  In  both  cases,  the  evaluation  was  conducted  using  as-velded 
veldments.  The  tvo  propellants  evaluated  vere  liquid  fluorine  (F,,)  at  -320°F 
and  liquid  chlorine  pentafluoride  (CIF^)  at  145°F.  Mechanical  properties  of 
as-velded  6Al-4V(ELI)  titanium  veldments  are  plotted  in  Figure  79  as  a 
function  of  test  temperature.  The  mechanical  properties  test  data  vas  generated 
as  part  of  the  NASA  contract  (NAS  3-7993)  vith  The  Boeing  Company.  Tensile 
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SPECIMEN  Al-3 

CRACK  PATH  AND  FRACTURE  APPEARANCE  IN  2021 -T81  ALUMINUM 
WELDMENT  (  Specimens  Al-2  And  Al-3  ) 


Figure  72  :  CRACK  PATH  AND  FRACTURE  APPEARANCE  IN  2021-T81  ALUMINUM 
WELDMENT  (  Specimen  Al-4  ) 


SPECIMEN  A2-2 

CRACK  PATH  AND  FRACTURE  APPEARANCE  IN  2021 -T81  ALUMINUM 
WELDMENT  (  Specimens  A2-1  And  A2-2  ) 


:tion  B-B  P-4* 

SPECIMEN  A2-4 

!ACK  PATH  AND  FRACTURE  APPEARAi  CE  2021  « 81  ALUMINUM 
ILDMENT  (  Specimens  A2-3  And  A2-4  ) 


Section  B-8  v.4x 

SPECIMEN  Bl-4 

Figure  76:  CRACK  PATH  AND  FRACTURE  APPEARANCE  IN  2021-T81  ALUMINUM 
WELDMENT  (  Specimens  Bl-3  And  Bl-4  ) 


SPECIMEN  AW1  -3 

CRACK  PATH  AND  FRACTURE  APPEARANCE  IN  2021-T81  ALUMINUM 
WELDMENT  (  Specimens  AW1-1  And  AW1-3  ) 


Figure  79  :  MECHANICAL  PROPERTIES  FOR  6AI-4V  (ELI)  TITANIUM 
AS-WELDED  WELDMENTS 


I* 
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test  data  for  140-1 50°F  teat  temperatures,  while  not  specifically  obtained  in 
the  referenced  test  program,  has  been  estimated  by  considering  effect  of 
temperature  increase  from  75  to  140°F  as  shown  in  ASM  Metals  Handbook,  Vol  1 
for  6A1-4V  titanium  alloy. 

The  yield  strength  (as  measured  using  2,0  inch  extensionmeter)  is  133,0 
ksi  for  the  material  at  room  temperature  while  at  the  same  temperature  the 
indicated  yield  strength  drops  down  to  117.0  ksi  if  3/8  of  an  inch  long  strain 
gage  ie  used.  For  the  purpose  of  calculating  applied  stress  intensity  levels 
and  fracture  toughness  values  yield  strengths  of  127,0,  133.0,  190.0,  and 
215.0  ksi  were  used  for  test  temperatures  of  140,  RT,  -230,  and  -320&F, 
respectively.  Mechanical  properties  data  is  summarized  in  TAHLE  19. 

Static  fracture  toughness  data  for  6A1-4V(ELI)  titanium  at  different 
test  temperatures  is  summarized  in  TAHLE  20.  There  were  three  specimens 
tested  for  each  test  temperature.  The  flaws  in  all  fracture  toughness 
specimens  were  located  in  the  center  of  the  weld  bead.  FractographB  of 
static  test  specimens  tested  at  room  temperature  and  at  -320°F  are  shown 
in  Figure  80.  Those  tested  at  +140°F  and  -230°F  are  shown  in  Figure  81.  A 
plot  of  static  fracture  toughness  data  as  a  function  of  test  temperature  is 
shown  in  Figure  82.  The  plot  consists  of  fracture  toughness  (Kjc)  on  the 
ordinate  and  test  temperature  in  degrees  Fahrenheit  on  the  ubscissa.  Static 
fracture  toughness  data  for  6AI-4V(ELl)  titanium  weldments  at  room  temperature 
is  plotted  for  static  as  well  as  sustained  load  test  specimens  in  Figure  83 
as  a  function  of  flaw-depth- to -thickness  ratio.  The  data  is  very  consistent 
between  static  and  end  point  specimens.  Static  fracture  toughness  for  the 
6A1-4V(ELI)  titanium  as-welded  weldment  is  set  to  be  62.5  ksi  /"In.  at  room 
temperature,  64.0  ksi  /Tn.  at  f140°F,  55.0  ksi  /  in.  at  -230°F,  and  44.0  ksi 
/In.  at  -320°F, 

5. 2, 3.1  F2  and  6Ai-4V(ELl)  Titanium 

The  sustained  flaw  gjowth  data  for  6AI-4V(ELI)  titanium  as-welded  weldments 
in  the  environment  of  liquid  fluorine  at  -320OF  test  temperature  and  450  psig 
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Table  19:  MECHANICAL  PROPERTIES  OF  6AI-4V  (ELI) 
TITANIUM  AS-WELDED  WELDMENT 


SPECIMEN 

IDENTIFICATION 

TEST 

TEMPERATURE 

(°F) 

GRAIN  ORIENTATION 

SPECIMEN 

SIZE 

ULTIMATE 

STRENGTH 

(KSI) 

YIELD 

STRENGTH 

(KSI) 

ELONGATION 

(%) 

REDUCTION 

OF  AREA 

(%) 

CO 

w 

EC  H 

H 

WIDTH 

(IN) 

E> 

RT 

T 

0.40 

144.1 

131.8 

7 

RT 

T 

1 

0.40 

144.6 

134.0 

7 

RT 

T 

0.313 

0.40 

144.0 

132.9 

7 

T 

0.315 

0.40 

221.7 

215.8 

5 

16 

T 

0.319 

0.40 

220.7 

213.7 

4 

11 

-320 

T 

0.319 

0.40 

220.6 

214.3 

4 

14 

-423 

T 

0.320 

0.40 

243.8 

_ 

- 

14 

-423 

T 

0.320 

0.40 

246.5 

- 

- 

15 

G> 

-423 

T 

0.316 

0.40 

238.2 

11 

[£>  SPECIMEN  TEST  DATA  WAS  ABSTRACTED  FROM  D2-114465 
T  '  TENSILE  PROPERTIES  MEASURED  ACROSS  WELDMENT 
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SPECIMEN  'CYCLIC  EXTENSION  r  AW  SIZE  BEFORE 
SIZE  !  OF  EDM  RAW  THE  TEST  RUN 


SUSTAINED  TEST  RUN 


PJ  5-S 

•  t/i  c 
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30.0 


30.0 


30.0  3. 


30.0  3.0 


30.0  !  3. 


5.0 


CYCLIC  FLAW 
'  MARKING 


FLAW  SIZE  AFTER 
CYaiC  MARKING 


TEST  CONDITION 
AT  FRACTURE 


o 

Ji  t, 

1°  S£ 

m  O 

s  £ 

E  o  “ 

3  r-  _ 


•f, «  J 

H’i  if  O 
*  o  m  £ 
_i  c  ~ 


e 

Urn 

i 

Ip5 

i 

h- 

Flaw  Depth 
a  (Inches) 

Flaw  Length 

2c  (Inches) 

Flaw  Size 
a/Q  (Inches) 

Fracture  Stress 
(Ksf) 

o 

yt 

“c 

I  * 

RT 

.169 

.492 

.101 

96.1 

59.5 

RT 

.119 

.448 

.086 

106.8 

61.2 

RT 

.117 

.445 

.086 

112.9 

64.7 

-320 

.117 

.448 

.079 

80.9 

44.5 

-320 

.122 

.445 

.081 

76.4 

42.3 

-320 

.112 

.447 

.078 

85.1 

46.4 

140 

.118 

.442 

.08? 

114.6 

66.8 

140 

.118 

.452 

.090 

110.1 

64.2 

140 

.118 

.4  42 

.089 

111.7 

64.8 

-230 

.118 

.445 

.081 

94.3 

52.2 

-230 

.121 

.451 

.082 

96.3 

53.9 

-230 

.117 

.447 

.081 

103.4 

57.4 

^  x  >5 

E  — 
co 


76.7  64.3 


68.7  66.4 


71.8  69.8 


49.1  47.9 


47.3  45.3 


73.9  71.5 


71.4  69.5 


72.8  70.3 


57.9  56.1 


60.0  58.0 


63.3  61.7 


pres aura  is  summarized  in  TAELE  21.  Of  the  five  specimens  tested  (TWLS-1 
through  -5)  each  specimen  was  exposed  to  sustained  load  test  run  for  nearly 
20  hours.  All  specimens  showed  various  degrees  of  flaw  growth  and  after 
cyclic  marking  were  pulled  to  failure  to  give  additional  static  fracture 
toughness  dati  at  room  temperature.  Additional  information  was  acquired 
with  specimen  TWLS-4  by  cyclic  marking  it  at  -320°F  rather  than  at  roam 
temperature  as  was  done  with  other  speoimens.  Ths?  purpose  of  such  cyclic 
marking  at  -320°F  was  to  f,ee  if  the  small  indication  of  flaw  growth  (in  the 
order  of  about  0,001  of  an  inch)  in  specimen  TWLS-1  was  Indeed  brought  about 
by  physical  separation  of  material  at  the  crack  tip  and  was  not  merely  a 
reflection  of  a  differently  textured  region  caused  by  cyclic  marking  at  room 
temperature.  In  the  case  of  2219-T87  aluminum,  such  indications  of  flaw  growth 
disappeared  by  resorting  to  cyclic  marking  at  -320°F  (Reference  19). 

Figure  84  shows  fractographs  of  sustained  test  specimens  exposed  to  F,,.  Cyclic 
marking  at  -3?.0°F  in  specimen  TWL3-4  still  exhibited  the  same  degree  of  differ¬ 
ently  textured  area,  suggested  that  small  amounts  of  flaw  growth  indeed  took 
place  in  both  the  TWLS-1  and  TWL3-4  test  specimens  or  that  prior  preloading  at 
room  temperature  before  cooling  specimen  assembly  to  -320°F  had  formed  yield 
zone  size  considerably  larger  than  corresponding  zone  that  would  h«^e  been 
formed  if  one  specimen  was  loaded  at  -320°F.  Propagation  of  the  crack  through 
such  yield  zone  could  have  produced  differently  textured  area  without  prior 
separation  of  material  at  the  crack  tip  and  also  could  have  been  responsible  for 
apparently  higher  initial  values  that  were  retched  during  sustained  load 
testing. 

Sustained  flaw  growth  data  summarized  in  TABLE  21  is  plotted  in  Figure  85 
in  terms  of  applied  stress  intensity  (K^)  versus  time  under  load  (hours). 

The  sustained  threshold  stress  intensity  level  is  established  by  drawing  a 
ourve  below  data  points  showing  some  flaw  growth  including  specimens  TWLS-1 
and  -4  with  .001  of  an  inch  flaw  growth  indication  in  each.  On  the  ordinate 
the  1ine  intersects  K^c  value  of  44.0  ksi  /Tn.as  established  in  Figure  82 
for  static  fracture  toughness  data  for  the  material  at  -320°F.  Under  t!  -se 
conditions  the  threshold  stress  intensity  (K^)  becomes  28.0  ksi  /Tn. 
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Specimen  TWLS-5 

FRACTOGRAPHS  OF  6A1-4V  (ELI)  TITANIUM  AS-WELDED  WELDMENT 
(Sustained  Test  In  Fo  @  -320  °F  And  450  Pslg) 
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SPECIMEN  NUMBER 


SPECIMEN  CYCLIC  EXTENSION  FLAW  SIZE  BEFORE 
SIZE  OF  EDM  FLAW  THE  TEST  RUN 


SUSTAINED  TEST  RUN 
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FLAW  SIZE  AFTER 
THE  TEST  RUN 
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Flaw  Depth 
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Flaw  Length 
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36.1 

.115 

.446 

.080 

| 

37.0 

36.1 

RT 

40.0 

5.0 

.185 

.473 

50.4 

48.7 

.124 

.448 

.085 

0.0 

_ 

.004 

45.6 

51.1 
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RT 
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.126 

.448 

60.2 

58.4 

.126 
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.088 

1 

.007 

54.2 

61.9 

58.7 

RT 

30.0 
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.128 

.453 

36.6 

36.0 

.113 

.447 
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0.0 

.001 
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.454 
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42.0 
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.082 
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RT 
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Table  21:  SUSTAINED  FLAW  GROWTH  DATA  FOR 
6AI-4V(Ell)  TITANIUM  AS-WELDED 
WELDMENT  (F2  AT  -320°F  AND  450  PSIG) 
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FLAW  SIZE  AFTER 
CYCLIC  MARKING 

Flaw  Depth 
a  (Inches) 

Flaw  Length 

2c  (Inches) 

Flaw  Size 
a/Q  (Inches) 

.185 

.473 

.099 

.126 

.448 

.085 

.128 

.453 

.001 

.130 

.454 

.090 

.175 

.494 

.102 

Flaw  growth  indications  of  the  entire  group  of  five  test  specimens  were  very 
consistent.  All  specimens  were  held  under  sustained  load  for  approximately  the 
same  time.  Specimens  TWL3-1  and  -4  had  .001  of  an  inch  flaw  growth  (or  at  leact 
an  indication  of  differently  textured  region  which  suggests  flaw  growth  under 
sustained  loading).  Specimen  TWL3-5  at  the  stress  intensity  of  38.8  ksi  /Tn. 
and  approximately  the  same  exposure  time,  had  0.003  flaw  extension.  Specimens 
TWL3-2  and  -3  at  progressively  higher  stress  intensity  levels  had  0.004  and  0.007 
of  an  inch  flaw  extensions,  respectively.  Gradual  increase  of  flaw  growth  as 
a  function  of  applied  stress  intensity  tends  to  suggest  that  threshold  stress 
intensity  indeed  would  be  in  the  close  proximity  to  the  selected  value  of 
28.0  ksi  'J in. 

Referring  back  to  Figure  85,  it  may  be  noted  that  fracture  toughness  value 
of  44.0  ksi  TTn. as  plotted  on  the  ordinate,  is  actually  lower  than  sane  of 
stress  intensity  levels  that  specimens  TWL3-2  and  -3  were  subjected  to  during 
sustained  load  testing.  Apparent  explanation  of  this  behavior  may  be  drawn 
from  the  fact  that  loading  sequence  of  test  specimens  subjected  to  liquid 
fluorine  at  -320°F  consisted  of  first  loading  test  specimen  at  room  temperature 
to  a  target  load,  then  tightening  pressure  cup  over  tne  surface  flaw,  filling 
cup  with  gaseous  fluorine  and  cooling  the  entire  assembly  down  to  -320°F.  Fresh 
supply  of  gaseous  fluorine  was  provided  during  fluorine  liquidation  in  the 
pressure  cup.  The  resulting  test  data  appears  to  have  been  affected  to  the  extent 
that  at  -320°F  specimens  were  able  to  wHhstand  loads  higher  than  during  direct 
static  testing  at  -320°F  without  prior  prestressing  at  room  temperature. 

5. 2. 3.2  C 1 F5  and  6a!-4V(£LI)  Titanium 

The  sustained  flaw  growth  data  for  6ai-4V(ELI)  titanium  as-welded  weldments 
in  the  environment  or  chlorine  pentafluoride  heated  to  140°?  and  pressurized  to 
450  paig  pressure  is  summarized  in  TA3LE  22.  Hold  time  under  sustained  load  in 
view  of  the  explosion  and  appreciable  crack  extenr  on  encountered  during  Phase  I 
testing,  was  deliberately  held  short  to  make  sure  ;hat  rapid  flaw  growth  would 
not  precipitr*«  spontaneous  reaction.  Specimen  TWL3-8  vas  tested  first,  followed 

by  T*lS-a,  then  -6  and  Each  of  these  specimens  was  subjected  to  progressively 

lower  stress  intensity  levels  for  a  longer  period  of  time.  Fractorrapha  of 

fractured  specimens  are  shown  in  Figure  3 f.  Included  tr.  the  figure  is  also 
specimen  7WLC-*  which  was  t*»3tod  under  cyclic  '  oadir.r  conditions  smstarized  in 
Zk'-Lt.  Z~*. 
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Table  22s  SUSTAINED  FLAW  GROWTH  DATA  FOR 

6A1-4V(ELI)  TITANIUM  AS -WELDED  WELD¬ 
MENT  (CIF5  AT  140°F  AND  450  PSIG) 
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SPECIMEN  NUMBER 


SPECIMEN 

SIZE 

Thickness 

(Inches) 

Width 

(Inches) 

.266 

2.51 

.269 
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CYCLIC  EXTENSION  FLAW  SIZE  BEFORE 
OF  EDM  FLAW  THE  TEST  RUN 


CYCLIC  TEST  RUN 
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Specimen  Accidentally  Destroyed 
Prior  to  Cyclic  Marking 


Table  23:  CYCLIC  FLAW  GROWTH  DATA  FOR 

6AI-4V(EL!)  TITANIUM  AS-WELDED  WELD¬ 
MENT  (CIF5  AT  140°F  AND  450  PSIG) 


CYaiC  FLAW  FLAW  SIZE  AFTER  TEST  CONDITION 

MARKING  CYCLIC  MARKING  AT  FRACTURE 


The  sustained  flaw  growth  data  summarized  in  Table  22  is  plotted  in  Figure  87. 
The  plot  is  made  in  ‘‘he  ujual  manner  o**  plotting  applied  stress  intensity  on  the 
ordinate  versus  time  un^er  load  on  the  abscissa,  -olid  curve  sepcxutes  data  points 
with  flaw  growth  from  those  showing  no  flaw  growth.  The  ordinate  is  intersected 
by  the  solid  line  at  a  point  of  64.0  ksi  /in.  that  corresponds  to  static  fracture 
toughness  of  the  material  at  +140°F  as  shown  in  Figure  82.  For  the  short  time 
exposure  the  threshold  stress  intensity  level  for  the  6AI-4V(ELI)  titanium  in  the 
environment  of  CIF^  at  140°F  and  450  prig  pressure  becomes  8.0  ksi  /in. 

Fractographic  appearance  of  the  sustained  load  test  specimens  shown  in  Figure 
86  offers  some  interesting  suggestions  of  apparent  interaction  between  6Al-4V(ELl) 
titanium  and  CIF^  at  140°F.  Unlike  all  other  cases  of  sustained  flaw  growth 
observed  during  the  course  of  this  program,  6A!-4V(ELI)  titanium  specimens  seem 
to  react  with  Cl in  the  manner  that  results  not  only  in  the  flaw  p*owth  at 
exceptionally  low  stress  intensity  levels  but  also  in  selective  directionality 
along  preferred  path  of  the  flaw  periphery  causing  rugged  and  Irregular  crack  front. 

Specimen  TWLS-8  in  Figure  86  was  exposed  bo  CiF^  under  higher  stress  intensity 
than  any  other  specimen  in  this  group.  The  flaw  growth  is  large  along  the  entire 
crack  front  periphery.  Specimen  TWLS-9,  while  still  at  a  stress  intensity  above 
the  threshold  level,  showed  preferential  flaw  growth  in  the  direction  along 
o  =38  degrees,  as  well  as  nucleation  of  cracks  along  several  other  points 
along  the  flaw  periphery.  Specimen  TWLS-6  had  only  two  nucleated  crack  spots: 
one  along  minor  axis  of  the  ellipse,  i.e.,  a  =  0;  the  other  along  about  35-40 
degrees  avay  from  it.  Specimen  TWL3-7  had  no  detectable  signs  of  flaw  growth  and 
is  considered  to  be  below  the  threshold  stress  intensity  level  of  8.0  ksi  J  in. 

Cyclic  flaw  growth  data  for  6A!-4V(ELI)  titanium  in  the  environment  of  CIF,. 
at  140°F  and  450  psig  pressure  is  summarized  in  TABLE  23.  Of  the  two  specimens 
tested  (TVLC-1  and  -2)  only  one  yieldef.  seme  partial  crack  growth  data.  Specimen 
TWLC-2  after  cyclic  testing  in  the  environment  of  C I was  accidentally  destroyed 
during  cyclic  marking.  Specimen  TWLC-1,  while  successfully  completing  the  intended 
test  sequence,  yielded  results  that  are  not  readily  suitable  for  assessment  of 
cyclic  flaw  growth  characteristics  of  6AI-iV(ELl)  titanium  in  the  environment  of 
chlorine  pentafluoride. 
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SUSTAINED  FLAW  GROWTH  DATA  FOR  6AI-4V  (ELI)  TITANIUM 
AS-WELDED  WELDMENT  (CIFc  @  140  °F  And  450  Pslg) 


5.2.4  410(M0D)  Stainless  Steel 


Testing  of  the  410(M0D)  stainless  steel  base  metal  was  done  in  the  environ¬ 
ment  of  N20^  at  120°P  and  450  psig.  Mechanical  properties  for  the  heat  treated 
410(M0D)  stainless  steel  plata  are  listed  in  TAHE  24.  Together  with  the  two 
specimens  pulled  in  long-transverse  grain  direction  (specimens  T-1  and  -2), 
there  was  one  specimen  (TL-1)  pulled  in  the  longitudinal  (along  the  plate  rolling 
direction)  grain  orientation.  Microstructure  of  the  plate  was  exceptionally  fine 
and  was  very  uniform.  Closeness  of  the  data  point  values  between  H-1 ,  -2,  and 
TT-1  specimens  also  tends  to  suggest  high  degree  of  uniformity  within  the  material. 
Average  yield  and  ultimate  strengths  of  the  material  at  room  temperature  are  155.1 
and  192.4  ksi,  respectively. 

In  response  to  the  request  fcy  the  Air  Force  Program  Manager,  and  aa  an  added 
factor  in  checking  conformance  of  the  material  properties  to  the  specification, 
three  V-Charpy  test  specimens  were  tested  at  room  temperature.  Each  o^  the  three 
specimens  tested  was  oriented  in  a  different  grain  direction.  Specimen  TS-1  was 
machined  in  a  manner  that  V-notch  was  oriented  parallel  to  the  plate  rolling 
direction  with  the  actual  fracture  running  into  the  plate  thickness.  V-notch 
in  specimen  TE-1  was  oriented  parallel  to  the  plate  thickness  in  a  manner  that 
actual  fracture  ran  along  longitudinal  grain  direction  and  edgewise  with  respect 
to  tL*  plate.  Specimen  LE-1  was  similar  to  TE-1  except  that  its  fracture  would 
run  along  tne  long-transverse  grain  direction  but  still  edgewise  with  respect  to 
the  plate.  The  resultant  Charpy  impact  values  for  specimens  TS-1,  LE-1,  and 
TE-1,  were  81.0,  70.0,  and  61  ft-lbs,  respectively. 

Static  fracture  toughness  data  for  the  material  was  determined  by  testing  two 
static  fracture  toughness  specimens  and  is  summarized  in  TAELE  25.  Frac+ographs 
of  the  two  static  specimens  tested  are  shown  in  Figure  88.  Static  fracture 
toughness  data,  together  with  end  point  values  ror  the  sustained  test  specimens 
summarised  in  TAELE  26,  ap°  plotted  in  Figure  89  in  t’--rms  o'*  rracture  stress  (  O  ) 
in  ksi  versus  flaw  size  (a/Q)  in  Inches.  Superimposed  on  the  plot  are  range  o!' 
yield  and  ultimate  strength  levels  for  th»>  material  as  listed  in  TAILE  24.  As 
seer.  °rcmi  Figure  89,  both  static  test  data  points  exceeded  yl«ld  strength  by  a 
wid«  margin  and  consequently  could  not  yield  valid  fractur*  toughness  values. 


Table  24:  MECHANICAL  PROPERTIES  OF  410  (Mod) 
STAINLESS  STEEL  BASE  METAL 
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Specimen  S -2 


Figure  88 :  FRACTOGRAPHS  OF  410  (Mod.)  STAINLESS  STEEL  BASE  METAL 
SPECIMENS  (Static  Test  In  Air  At  Room  Temperature) 
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Figure  89  :  STATIC  FRACTURE  TOUGHNESS  DATA  FOR  410  (Mod.) 
STAINLESS  STEEL  BASE  METAL 
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Table  25:  STATIC  FRACTURE  TOUGHNESS  DATA 

410  (MOD)  STAINLESS  STEEL  BASE  METAL 


CYCLIC  R  AW 
MARKING 


FLAW  SIZE  AFTER 
CYCLIC  MARKING 


£c  ^°s 
£  .5  sc 


Z.'st  S’ J 

o  — 1  c 

£  Js  * 

o  —  a  o 


■£  ^ 


TEST  CONDITION 

AT  FRACTURE 

£ 

2 

If 

E 

« 

t— 

Flaw  Depth 
a  (Inches) 

Flaw  Length 

2c  (Inches) 

Flaw  Size 
a/Q  (Inches) 

Fracture  Stress 
(Ks!) 

"c  *5 

l  ~ 

0 

v 

M 

i? 

1- 

* 

u 

r  1— 

E  — 

IS) 

RT 

.143 

.550 

.111 

180.0 

117.1 

126.1 

123.1 

RT 

.200 

.660 

.140 

169.0 

123.4 

144.9 

131.9 

Likewise,  three  end  point  values  from  the  sustained  test  specimens  exceeded 
uniaxial  yield  strength  of  the  material.  Of  the  remaining  three  end  point 
specimens  whose  gross  stresses  fell  below  uniaxial  yield  strength  are  likewise 
invalid  because  eaeh  of  these  specimens,  while  being  subjected  to  gross  stress 
levels  below  uniaxial  yield  strength  in  reality  were  experiencing  net  area 
stresses  in  excess  of  the  yield  strength.  Because  of  that,  none  of  the  specimens 
tested  did  yield  actual  fracture  toughness  and  it  may  be  only  assumed  that 
fracture  toughness  of  the  material  is  larger  than  124  ksi  /in. 

5.2.4* 1  ^0^  and  410(M0D)  Stainless  Steel 

The  sustained  flaw  growth  data  for  410(M0D)  stainless  steel  in  the  environ¬ 
ment  of  N?0^  at  120°F  and  450  psig  pressure  is  summarized  in  TAELE  26.  Fracto- 
graphs  of  the  sustained  flaw  growth  test  specimens  are  shown  in  Figure  90.  Of 
the  six  specimens  tested  (specimens  S-3  through  S-8)  specimer  •  S-3  and  -4  had 
relatively  shallow  flaws.  The  remaining  specimens  had  considerably  deeper  flaws 
in  order  to  generate  high  stress  intensity  without  exceeding  uniaxial  yield 
strength  of  the  material.  Specimens  S-6,  -7,  and  -8  met  that  criteria  even  with 
respect  to  the  net  area  stress  level.  All  of  the  sustained  test  data  points 
are  plotted  in  Figure  91 . 

The  plot  of  the  sustained  data  in  Figure  91  is  made  in  terms  of  applied 
stress  intensity  (K^)  on  the  ordinate  versus  time  under  load  on  the  abscissa 
in  hours.  Included  on  the  plot  as  well  as  in  TABLE  26  is  specimen  S-7  which 
was  actually  subjected  to  cyclic  loading  in  the  manner  that  total  hold  time 
at  maximum  stress  did  add  up  to  5  hours  for  direct  comparison  with  Specimen 
S-8.  The  cyclic  loading  profile  was  trapezoidal  with  hold  time  at  maximum 
load  5  minutes  each  cycle.  Loading  and  unloading  sequences  were  completed 
in  15  seconds  eaoh.  There  was  also  a  15  second  hold  time  at  zero  load.  Purpose 
of  this  cyclic  test  was  to  see  if  the  cyclic  loading  would  precipitate  a  "run¬ 
away"  cyclic  flaw  growth  rate.  Such  was  not  the  case.  The  extent  of  flaw 
growth  in  cyclically  loaded  specimen  was  cont>iderably  larger  (0.004  versus 
0.001  of  an  inch).  The  threshold  stress  intensity  for  the  410(M0D)  ess  st^el 
was  set  at  72.0  ksi  /in.  level. 
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n  S-5  Specimen  S-8 

FRACTOGRAPHS  OF  410  (Mod.)  STAINLESS  STEEL  BASE  METAL 
SPECIMENS  (Sustained  Test  In  N2O4) 
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6.0 


DISCUSSION 


6.1  Application  to  Pressure  Vassal  Design 

Application  of  experimental  data  to  engineering  problems  confronting 
designers  of  propellant  containing  pressure  vessels  may  be  facilitated  by 
considering  various  interlocking  factors,  first  independently,  then  in  con¬ 
junction  with  one  another.  Present  program  consisted  of  tvo  distinct  phases. 
The  first  phase  v&a  designed  to  give  a  qualitative  indication  of  critical 
parameter-affecting  behavior  of  a  given  material.  The  second  was  intended  to 
provide  data  that  would  assist  the  designers  in  selecting  the  material  for 
service  in  a  given  environment  and  to  enable  them  to  make  a  reasonable  fore¬ 
cast  of  its  behavior  under  service  conditions. 

The  Phase  I  screening  test,  while  potentially  very  promising  in  providing 
an  inexpensive  method  for  checking  various  critical  variables,  may  not  be 
sensitive  enough  to  distinguish  less  pronounced  influences  affecting  behavior 
of  the  material.  Failure  to  pass  a  screening  test,  as  in  the  case  of 
6A1-4V(ELI)  titanium  and  C1F,.,  is  an  obvious  indication  that  the  selected 
material  is  not  compatible  with  a  given  propellant.  The  converse  is  not 
always  true,  however.  If  the  material  passes  a  screening  test,  one  should 
be  careful  to  provide  additional  testing  like  the  one  proposed  for  Phase  II 
testing  to  make  sure  that  the  selected  combination  is  indeed  suitable  for 
structural  application. 

Further  refinements  of  the  Phase  I  testing  will  lead  to  Improved  specimen 
design  and  flaw  preparation  that  would  provide  greater  sensitivity  and  a  more 
refined  categorising  of  different  material-propellant  combinations.  In  the 
present  program,  with  the  on#  notable  exception  of  C1F,.  in  combination  with 
titanium,  the  materials  failed  to  react  with  the  propellants  calling  tor  a 
sore  sophisticated  Phase  II  testing. 

Inasmuch  as  the  Phase  I  teat  approach  was  never  intended  to  be  more  than 
a  qualitative  screening  method,  the  generated  data  would  not  be  directly 
usable  in  design.  The  Phase  II  testing,  on  the  other  hand,  was  meant  to 
provide  design  data  and,  within  certain  limits  for  material-propellant 
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combinations,  offers  plausible  opportunities  to  use  it  as  a  means  for 
establishing  service  and  proof  stress  test  levels,  prediction  of  cyclic  and 
sustained  load  carrying  capability,  and  determination  of  the  nondestructive 
inspection  criteria* 

The  concept  of  critical  stress  intensity  (Kjc)  or  fracture  toughness,  it 
may  be  pointed  out,  is  as  essential  in  design  as  yield  or  ultimate  strength  of 
the  material*  For  a  given  set  of  conditions  the  load  carrying  capability  of 
the  material  is  intimately  dependent  upon  else,  shape  and  orientation  of  creck- 
like  defects  inadvertently  present  in  the  component.  The  higher  the  toughness, 
the  larger  is  the  defect  that  can  be  tolerated  for  a  given  stress  level. 

From  equations  2,  3,  and  6,  it  is  apparent  that  for  a  given  crack-like  defect 
oriented  perpendicularly  to  the  principal  tensile  stress,  the  fracture  stress 
is  directly  proportional  to  the  fracture  toughness  KJc*  The  higher  the  tough¬ 
ness  —  the  higher  will  be  the  fracture  stress. 

In  the  absence  o.  sizable  flaws,  fracture  stress  will  be  equal  to  the 
ultimate  strength  of  the  material.  For  most  engineering  materials  of  practi¬ 
cal  interest  presence  of  small  flaws  is  likely  to  lead  to  fracture  at  stress 
levels  below  the  ultimate  strength  but  still  above  material's  yield  strength. 

Not  uncommon  are  the  situations  when  relatively  small  flaws  would  cause 
fracture  at  stress  levels  considerably  lower  than  tha  uniaxial  yield  strength. 
This  may  occur  either  me  to  very  low  fracture  toughness  of  the  material  or  when 
a  relatively  small  flnw  grows  in  size  under  sustained  load  until  critical  com¬ 
bination  of  load-ciack  site  is  reached. 

Gradual  flaw  growth  will  occur  whenever  applied  stress  intensity  (KT. ) 
exceeds  the  threshold  stross  intensity  level  (K,^)  for  *  given  material- 
propellant  combination.  The  relationship  between  fracture  toughness  (Kt^), 
threshold  stress  Intensity  level  (K_)  and  the  applied  stress  intensity  level 

Aik 

(Ku)  is  illustrated  in  the  following  three  examples. 
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EXAMPLE  1:  Effective  proof  tost  -  safe  life  -  critical  burst 


FIGURE  a 


Fracture  toughness  (Kjc)  threshold  stress  intensity  level  (K,^),  operating 
stress  laVel  (ff  )  and  proof  test  factor  ( O  )  are  schematically  plotted  in 
Figure  av  A  pressure  vessel  that  successfully  passed  proof  test  at  0^  x  a 
stress  level  may  be  presumed  not  to  have  defects  larger  than  (a/Q)i,  Any 
pre-existing  defect  larger  than  (a/Q)i  could  have  caused  burst  because  the 
intersection  of  x  a  horizontal  line  with  the  vertical  projection  of  a 
flaw  larger  than  (a/Q)i  would  fall  to  the  right  of  the  K^c  curve  or  into  the 
fracture  region. 


At  the  operating  stress  level  a  pre-existing  flaw  as  large  as  (a/Q)i 
would  remain  stationary  because  the  resultant  stress  intensity  (K^)  is  actu¬ 
ally  smaller  than  the  threshold  stress  intensity  (K,^)  as  aeeu  from  the  fact 

that  intersection  of  fl  .  and  \a/Q)i  lines  falls  to  the  left  of  the  tntersec- 

op 

tion  between  curve  and  the  line.  It  may  be  further  noted  that  should 
tha  vesael  be  subjected  to  cyclic  loading  at  0  the  initial  flaw  (a/Q)i  would 
grow  in  slse  until  aventually  it  would  reach  (a/Q)cr  sise  and  cause  burst  at 
operating  stress  lavel.  In  tha  absenca  of  cyclic  loading  the  flaw  would 
remain  etatlonary  at  sustained  stress  l«7el  0  . 
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EXAMPLE  2  s  Effective  proof  test  -  safe  life  -  leak  instead  of  burst 


hi  SURE  b 

This  example  characterizes  a  relatively  thin -walled  pressure  vessel  schemati¬ 
cally  illustrated  in  Figure  b.  Fracture  toughness  (Kjc)»  threshold  stress 
intensity  level  (K^) ,  operating  stress,  oQpt  and  proof  test  level,  aQp  x  a 
where  a  is  once  again  the  proof  test  factor,  are  plotted  in  Figure  b,  in  the 
same  manner  as  in  Figure  a.  Marked  difference  stems  from  the  fact  that, 
unlike  in  Example  1,  critical  flaw  size  (a/Q)cr  falls  to  the  right  of  (is 
larger  than)  the  tank  wall  thickness.  This  seemingly  subtle  difference  has 
a  very  significant  effect  upon  mode  of  fracture. 


A  pressure  vessel  characterised  in  Figure  b  would  be  safe  to  operate  at 


aop  sustained  pressure  because,  as  in  the  previous  case,  the  maximum  possible 
initial  flaw  size  (a/Q)i  that  could  remain  in  the  vessel  after  proof  teso  is 


still  smaller  than  the  one  .that  would  be  required  to  generate  K_.  above  K— , 

11  in 


level. 

load. 


Thus  the  pressure  vessel  would  be  Bafe  to  operate  at  aQ  sustained 
Should  the  vessel  undergo  unscheduled  cyclic  loading  of  stress  level 


equal  to  oQ the  flaw  would  grow  in  size.  However,  because  pressure  vessel 
wall  thickness  is  smaller  than  the  critical  flaw  size  (a/Q)cr,  the  pressure 
vessel  will  leak  and  depressurize  rather  than  burst  as  would  be  the  case  with 


u.a  „ank  Illustrated  ■ n  Example  1 . 
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EXAMPLE  3:  No  effective  proof  teat  -  safe  Ilf®  -  l®ak  instead  of  burst 


FIGURE  c 

This  example  characterizes  a  pressure  vessel  made  from  a  material  possessing 

high  fracture  toughness  (K^)  and  high  threshold  stress  intensity  (K~) .  The 

pressure  vessel  wall  thickness  is  such  that  at  the  proof  test  level  of  o  x  a 

op 

no  burst  i>  possible  because  intersection  of  the  KT  curve  and  the  a  x  a 

xc  op 

line  falls  to  the  right  of  (is  larger  than)  the  tank  wall  thickness.  The  most 
that  a  successful  proof  test  under  these  conditions  would  reveal  is  that  the 
tank  did  not  leak,  i.e.,  there  were  no  initial  flaw  sizes  larger  than  the  wall 
thickness. 

At  the  operating  stress  level,  such  a  tank  will  be  safe  to  operate  under 
sustained  pressure  because  even  for  a  flaw  that  is  almost  as  deep  as  the  tank 
wall  thickness,  the  generated  stress  intensity  (K^)  is  still  below  the 
threshold  stress  intensity  (K^)  level.  Cyclic  loading  at  stress  levels  as 
high  as  proof  test  stress  level  would  cause  a  leak  rather  than  a  burst,  thus 
providing  substantial  extra  margin  in  safe  operating  conditions, 

6.2  Limitations  Inherent  in  Specific  Cases 

The  preceding  discussion  of  some  typical  cases  encountered  in  pressure 
vessel  design  and  operation  by  necessity  are  short  and  greatly  simplified  to 
illustrate  basic  principles  supporting  the  so-called  proof  test  logic.  Mere 
specific  information  as  applied  to  actual  service  vessel  in  the  NASA 
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spacecraft  may  be  found  in  References  41,  42,  and  43.  It  would  be  appropriate 
to  discuss  some  of  the  most  significant  qualifying  limitations  inherent  in  the 
approach  based  upon  linear  elastic  fracture  mechanics. 

6.2.1  Baneline  Fracture  Toughness, 

In  all  three  figures  characterising  several  types  of  pressure  vessels, 
in  Section  6.1,  fracture  toughness  of  each  material  was  represented  by  a 
single  curve.  Such  curve  was  drawn  using  Equation  2  as  the  only  one  at  the 
present  time  permitting  discussion  of  very  deep  flaws.  Aside  from  the 
approximate  nature  of  Equation  2,  particularly  its  flaw  depth  correction 
factor,  Mg,  there  is  also  *he  unavoidable  data  scatter  that  is  encountered  in 
any  set  of  experimental  results.  Fracture  stresses  for  a  given  set  of  speci¬ 
mens  with  identical  flaw  sizes  generally  fall  within  5  to  7  percent,  but  can 
vary  by  as  much  as  10  to  15  percent  or  even  greater.  Some  of  the  variations 
may  be  brought  about  by  differencea  In  specimen  preparation,  inaccuracies  in 
flaw  else  measurements,  and  metallurgical  variability  of  the  material.  In 
actual  cases,  therefore,  the  fracture  toughness  (KT  )  baseline  data  should  be 
characterised  by  drawing  upper  and  lower  bounds  so  that  every  mild  data  point 
falls  within  that  range.  For  fracture  stresses  well  within  the  elastic  limit 
of  the  material  and  in  general  conformance  with  the  requirements  for  valid 
fracture  toughness  measurements,  both  the  upper  and  the  lower  bounds  may 
be  drawn  using  the  appropriate  stress  intensity  equation. 

For  the  situations  where  failure  stresses  approach  or  even  exceed 
uniaxial  yield  strength  of  the  material,  rigorous  characterization  of  the 
fracture  toughness  becomes  impossible.  Fracture  data  points  when  plotted  on 
fracture  stress  versus  critical  flaw  size  on  cartesian  coordinates  cannot  be 
bounded  by  the  loci  following  equations  for  fracture  toughness  measurements. 

In  such  cases,  experimental  data  points  usually  follow  a  very  regular  path 
and  still  may  be  used  to  characterize  flaw  growth  behavior  as  long  as  a  strict 
similitude  between  test  specimen  and  actual  pressure  vessel  is  maintained. 
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6.2.2  Threshold  Stress  Intensity, 

Experimental  techniques  for  determination  of  the  threshold  stress  inten¬ 
sity  levels  were  described  In  Section  3.2.2.  By  definition  it  is  a  stress 
intensity  level  below  which  flaw  growth  will  not  occur.  It  is  presumed  that 
occurrence  of  the  flaw  growth,  while  insignificantly  small  at  the  time  of 
short  run  test,  is  likely  to  continue  and  eventually  would  lead  to  fracture 
or  a  leak  depending  on  whether  one  is  dealing  with  vessels  typified  by 
Example  1  and  2  or  3*  Generally,  the  sustained  threshold  stress  intensity 
levels  will  be  considerably  lower  than  actual  fracture  toughness  of  the 
material.  Thus,  calculated  values  would  be  more  valid  or  are  in  greater  con¬ 
formance  with  the  requirements  of  linear  elastic  fractivre  mechanics. 

Considerable  difficulties  in  establishing  threshold  stress  intensity 
level  may  be  avoided  by  insisting  that  only  the  lower  bound  of  the  experimen¬ 
tal  data  be  used  to  characterize  threshold  stress  intensity  level.  This  also 
provides  an  extra  safety  margin  because  the  threshold  stress  intensity  para¬ 
meter  reflects  chemical  as  well  as  metallurgical  interaction  between  a  given 
propellant  and  a  selected  material.  Thie  extra  margin  together  with  the 
natural  tendency  of  being  on  the  conservative  side  in  interpreting  short  test 
time  data  for  prolonged  service  requirements  should  be  carefully  assessed 
lest  it  inflicts  undue  level  of  safety  factors  that  eventually  annihilate 
structural  efficiency  of  a  component. 

6.2.3  Proof  Teat  Factor,  a 

Selection  of  the  adequate  proof  test  factor  in  conjunction  with  required 
operating  presaure  level  is  an  indispensible,  and  most  crucial  part  in  ensur¬ 
ing  safe,  reliable  and  efficient  service  capability.  Effectiveness  of  the 
proof  test  hinges  upon  the  ability  to  eliminate  destructively  pressure  vessels 
containing  defects  larger  than  (a/Q)i.  Once  this  is  done,  the  operating 
stress  level  is  set  at  a  level  that  for  an  established  (a/Q)i  value  would 
not  generate  stress  intensity  greater  than  the  threshold  stress  intensity 
level  K^jj,  As  the  break-even  point  proof  test  factor  a  can  be  set  to  be 
numerically  equal  to  the  ratio,  provided  that  both  the  as  well 
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as  KIc  valuta  art  lndead  valid,  i.e.,  determined  in  strict  compliance  with 
the  requirements  of  linear  elastic  fracture  mechanics. 

A  great  deal  of  care  should  be  exercised  whenever  the  ratio  is 

deficient  in  one  or  both  values.  Quite  often,  for  a  given  thickness  of  the 
material  of  interest,  the  full  fracture  toughness  potential  cannot  be  utilised, 
i.e.,  valid  measurements  cannot  be  obtained.  This  may  not  necessarily  imply 
that  the  value  is  likewise  deficient,  or  departs  to  the  same  degree  from 
the  requirements  for  valid  measurements.  Thus,  characterisation  of  proof 
test  requirements  using  KjgAf-H  ratio  should  be  judiciously  applied,  particu¬ 
larly  in  the  areas  where  sustained  as  well  sb  cyclic  flaw  growth  rates  are 
used  to  predict  useful  service  life. 

6.2.4  Data  Scatter  and  Proof  Test  Logic 


Whenever  destructive  elimination  of  pressure  vessels  containing  flaws 
larger  than  (a/Q)i  is  possible  (see  Figures  a  and  b  in  the  preceding  section), 
assurance  of  safe  operating  life  through  proof  test  logic  may  be  confidently 
predicted.  The  concept  is  not  only  simple  in  principle  but  quit  j  realistic 
in  its  application.  Selection  of  adequate  proof  test  factor  1b  subject  to 
considerable  interpretation  of  confidence  levels  for  the  Kjc  as  well  as 
values.  Nevertheless,  once  the  proof  factor  is  selected  and  a  given  vessel 
successfully  passes  proof  test,  every  region  in  the  vessel  containing  a 
defect  would  have  been  proofed  to  that  factor  regardless  of  the  expected  vari¬ 
ations  of  properties  from  one  region  within  the  material  to  another. 


I 
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To  illustrate  this,  consider  now  once  again  the  example  of  a  pressure  vessel 
fabricated  from  a  material  whose  toughness  can  be  chare' ter ized  as  shown 
schematically  in  Figure  d.  Using  the  baseline  reference  value  (solid  line), 
successful  completion  of  proof  test  provides  an  assurance  that  at  operating 
stress  level  o  flaw  growth  potential  in  the  region  that  can  be  characterized 
with  the  basic  K^c  line  is  the  difference  between  (a/Q)cr  and  the  (a/0)i. 

Suppose  now  there  is  a  region  in  the  pressure  vessel  wall  that  is  actually 
tougher  than  the  toughness  of  the  bulk  of  the  material  and  is  characterized 
by  upper  bound  K^c  curve.  Successful  completion  of  the  proof  test  in  this 
case  cannot  assure  absence  of  flaws  larger  than  (a/Q)i.  As  a  matter  of  fact, 
flaws  as  large  as  (a/Q)h  may  be  present.  Does  that  decrease  tie  flaw  growth 
potential?  The  answer  to  that  is  "no"  because,  as  seen  from  the  intersection 
of  the  line  and  the  upper  bound  curve,  the  flaw  growth  potential  now 
is  equal  to  the  difference  between  (a/Q)2  and  the  (a/Q)h.  t'ollowing  the  same 
reasoning,  lower  bound  of  the  fracture  toughness  may  be  likewise  considered. 
Successful  proot  test  will  now  assure  absence  of  defects  smaller  than  (a/Q)^. 

The  flaw  growth  potential  will  be  the  differei.  2  between  (a/Q)^  and  (a/Q)l. 

Thus,  it  may  be  concluded  that  even  in  tue  presence  of  differently  behav¬ 
ing  regions  within  a  given  pressure  vessel,  the  proof  test  factor  provides  a 
flaw  growth  potential  which  can  be  derived  by  considering  average  value 
for  the  material  and  its  actual  stress  intensity  level.  Whether  or  not 
the  selected  proof  test  factor  a  will  be  sufficient  to  ascertain  that  applied 
is  below  threshold  stress  intensity  level  K^,  will  depend  on  the  margin 
that  will  be  provided  between  and  values  and  the  degree  with  which 
regions  of  higher  toughness  (upper  bound  K^)  ate  also  regions  of  correspond¬ 
ingly  higher  value. 

It  should  be  also  noted  that  proof  test  logic  is  based  on  the  assumption 
that  upon  conclusion  of  the  proof  test  as  the  pressure  is  dropped,  no  further 
growth  (certainly  not  to  a  significant  degree)  takes  plac<’ .  The  pre-existing 
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flaw  of  the  alsa  somewhat  aaallar  than  (a/Q)l  as j  grow  during  tha  rising-load 
portion  of  tha  proof  tost  37 els j  however,  unless  dsprassurisation  rata  is 
exceedingly  low,  tha  flaw  growth  occurring  during  tha  proof  tast  cycla  does 
not  invalidate  the  approach  and  can  still  be  looked  at  as  a  realistic  method 
for  ascertaining  structural  integrity  of  pressurised  components. 
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7.0  CONCLUSIONS 


1 .  Experimental  techniques  employed  In  this  program  are  suitable 
for  generation  of  reproducible  crack  growth  data  even  though 
not  all  Phase  I  test  specimens  were  sensitive  enough  for 
effective  screening  of  engineering  materials. 

2.  Generated  Phase  II  data  is  usable  in  the  design  of  propellant- 
containing  pressure  vessels. 

3.  uf  the  materials  tested,  6A1-4V(ELI)  titanium  was  found  to  be 
incompatible  with  chlorine  pentafluoride  (ClF^)j  2021-T81  . 
aluminum  is  likely  to  create  functional  problems  if  used  as 
N^O^  storage  pressure  vessel  material;  2219-T851  aluminum  and 
410(MDD)  stainless  steel  shoved  no  pronounced  susceotibility 
to  N^O^  environment. 

4.  Several  examples  on  application  of  this  type  of  data  to 
engineering  design  may  serve  as  an  Inducement  for  further 
evaluation  of  specific  eases  in  order  to  establish  proof 
test  criteria,  NDT  acceptance  standards  and  provide  adequate 
assurance  of  safe  operating  conditions. 
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